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ABSTRACT 
 
 
Pressure-temperature conditions encountered by metamorphic rocks are often 
used to constrain tectonic environments of formation. Evidence of the prograde path 
during metamorphism is often obliterated by peak metamorphic conditions. However, 
pseudomorphs that form during prograde metamorphism may provide insights into heat 
and mass transport along this portion of the P-T-X-t path. Seventeen sillimanite zone 
samples, each containing 2-5 muscovite-rich pseudomorphs after staurolite, were 
investigated from pelitic schists of the Farmington Quadrangle, west-central Maine, 
USA. Pseudomorphs are easily recognized by an increase in average grain size (~cm) and 
change to randomly oriented muscovite-rich (~45-75%) modal mineralogy relative to the 
rock matrix (~mm). SEM cathodoluminescence images, X-ray maps, and electron 
microprobe analyses characterize the mineral distribution, modes, and compositions 
within the pseudomorphs and surrounding matrix. These data provide the basis for 
textural modeling studies, to test the influence of fluids in the system behavior of 
pseudomorph formation, and to test their use as indicators of metamorphic conditions 
along the prograde path.  
Based on modal mineralogy, pseudomorphs are divided into four types: 
muscovite-rich (~70% muscovite), plagioclase muscovite (12-22% plagioclase with < 
10% quartz, sillimanite); sillimanite plagioclase muscovite (20% plagioclase, 15-20% 
sillimanite with <8% quartz); and quartz muscovite (12-25% quartz with <8% 
plagioclase, sillimanite). A biotite-rich muscovite-poor mantle surrounds most 
pseudomorphs.  
 xi
Irreversible thermodynamic modeling of pseudomorph development using 
analyzed mineral compositions and previously determined diffusion coefficients for 
metapelitic rocks suggests modes of ~75% muscovite, ~10% biotite, ~10% plagioclase, 
and ~5% quartz replace the staurolite in a system closed to fluids. These modes are 
substantially different from those observed. If the system is allowed to be open to H2O, 
K, Na, and Al, the modal variations of biotite, sillimanite, plagioclase, and quartz 
comprising the pseudomorphs can be reproduced with a different mechanism of 
formation for each pseudomorph type. In addition, changes in cathodoluminescence from 
core to rim in pseudomorph quartz grains suggest two growth stages characterized by 
trace element distributions. These data suggest that metapelitic pseudomorphs retain 
evidence for an infiltrating fluid phase, its composition, and therefore, conditions during 
prograde metamorphism, which provide additional information for the tectonic 
interpretation of west-central Maine.  
  
INTRODUCTION 
        During metamorphism, rocks are subjected to changing pressures, temperatures, 
and/or chemically active fluids that alter the equilibrium of the mineral assemblages. These 
changes are used to reconstruct pressure-temperature-time paths (P-T-t) of metamorphism. 
Metamorphic rocks are used to interpret tectonic environments because a specific P-T-t path 
characterizes each environment. One such prograde P-T-t path for a compressional event is 
shown in Figure 1. The prograde portion of the P-T-t path is defined by increasing 
temperatures and/ or pressures. As temperatures increase along the prograde path, early-
formed minerals react to form more stable phases until a maximum temperature is reached 
(peak conditions). The mineral assemblages preserved in the rock usually record these peak 
temperatures of formation. As a result of this continuous recrystallization of mineral 
assemblages, any evidence of the prograde path within a rock is usually obliterated.   
        Pseudomorphs, meaning ‘false form’, may be observed in metamorphic rocks in the 
absence of deformation. Pseudomorphism is the alteration process by which one mineral 
replaces another mineral while preserving the crystal morphology of the original mineral. 
Pseudomorphs found where metamorphism transitions from a lower to higher grade may 
provide detailed information about the metamorphic conditions on the prograde path that is 
typically erased (e.g. Guidotti, 1968).           
      The purpose of this study is to determine if pseudomorphs retain evidence of 
prograde metamorphic conditions. Examples of such conditions might be a closed 
(isochemical) system, or a system open to infiltrating fluids. Fluids are important because 
mineral-fluid interactions preserved in the mineral assemblages may provide insight into 
mechanisms controlling pseudomorph development (Dutrow, et al. 1999). Additionally, 
fluids bringing components into the system alter the chemistries of the minerals, and as a 
1
Fig. 1. A generic P-T-t path for a compressional tectonic event 
is indicated by the arrow. The P-T-t path is set on an alumino-
silicate stability graph. Rocks are buried and heated along the 
prograde path until a maximum temperature is reached for the 
tectonic setting (indicated by the dot as peak conditions). 
During exhumation and uplift, rocks encounter lower pressure 
and temperature conditions (after Spear, 1993).
burial
Peak Conditions
exhumation
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consequence, alter the temperatures and pressures deduced for metamorphism. The evidence 
retained by pseudomorphs may give insight into metamorphic conditions along the prograde 
P-T path that is otherwise unavailable. 
        Pseudomorphs may also provide a method to track fluids infiltration events (e.g. 
Dutrow et al., 1999). Fluid infiltration can be sourced from nearby intrusives or from mineral 
dehydration reactions. When fluids out of equilibrium with the host rock assemblage interact 
with the country rock, mineral reactions drive the system back toward equilibrium. These 
reactions may influence both prograde and retrograde mineral textures, and control final 
mineral assemblages (e.g. Dutrow and Foster, 2004). Retrograde pseudomorphs are widely 
used as markers of fluid infiltration events because anhydrous minerals react with fluids 
resulting in pseudomorphs of hydrous minerals.            
        An ideal area to test the influence of fluids on the pseudomorphing process is in the 
Farmington Quadrangle of west-central Maine. Here, the P-T conditions are well 
characterized, and the rocks contain abundant pseudomorphs of similar grade but with 
varying compositions (Dutrow, 1985). Muscovite-rich pseudomorphs after staurolite were 
used to test this hypothesis by: (1) determining the mineralogy of the pseudomorphs and 
surrounding matrix, (2) evaluating the mineral modes, and (3) using textural modeling to 
determine the reaction mechanisms and local mass transport that that are required for 
pseudomorph formation.  
Background 
Geologic Setting 
        The metamorphic history of west-central Maine area is well documented (e.g. 
Holdaway et al., 1988; Guidotti, 1989; Guidotti et al., 1996), and only a brief overview of 
events is presented here. Metamorphism in west-central Maine occurred primarily during the 
3
  
Acadian Orogeny, which began in the Late Silurian as the outer belts of the Avalonia island 
arc system collided into Laurentia. The push of Avalonia into Laurentia shortened and 
thickened the crust causing a southwest to northeast diachronous orogenesis. The southwest-
northeast deformation front moved from the Maine-New Brunswick coast in the Early 
Devonian, to Quebec in the Late Devonian. A series of upright northeast-trending tight to 
isoclinal folds, volcanism, and plutonism are the results of the contractual stresses during this 
orogenesis (e.g., Guidotti, 1989). Movement of the orogenic front is based on retracing the 
age distribution of known fossiliferous strata, and the isotopic ages of post-tectonic volcanics 
layered within the area (e.g. Bradley, 1989). A thick succession of clastic rocks that covered 
the area consisted of deep-water Ordo-Silurian sequences topped by Devonian flysch and 
molass, which represent the fill of the migrating Acadian foreland basin (Bradley et al., 
2000). These sediments were metamorphosed into the layered sequences of pelitic schists 
and carbonates of the Sangerville Formation. The pelitic schists are the units of interest in 
this study.  
Study Area 
        West-central Maine underwent a series of metamorphic events (denoted as M1-M5), 
proximate in space and time. Multiple mid-Paleozoic metamorphic episodes (M1-M3) are 
present within the Farmington study area, with the M3 event being most prominent (e.g. 
Holdaway et al. 1988, Dutrow 1985). The first event (M1) occurred close to 400 Ma, and 
produced widespread greenschist facies metamorphism with northeast-trending faults and 
folds (Holdaway et al., 1988). M2 overprinted M1 and was a lower pressure (~3kb) thermal 
event triggered by intruding Early Devonian plutons. This regional thermal event produced 
staurolite, staurolite-andalusite, and andalusite-bearing assemblages (Holdaway et al., 1988; 
and Guidotti et al., 1991). M2 is recognized in the northwestern part of the Farmington 
4
  
Quadrangle as retrograded staurolite + garnet assemblages. M3 attended the emplacement of 
numerous sheet-like peraluminous quartz-monzonite intrusives of the Devonian New 
Hampshire Magma series (e.g., Pankiwskyj et al., 1976). The intrusives parallel the 
northeast-southwest trending deformation front, and created contact-regional metamorphic 
overprints onto the regional metamorphism (e.g. Holdaway et al., 1988; Guidotti, 1989: 
Guidotti, et al 1998). The low P/high T conditions of this M3 regional-contact metamorphism 
produced isograds that generally follow pluton shapes and increase in grade from the 
northeast to southwest (Fig. 2). The culmination of M3 thermal events (394-379 Ma) created 
garnet through sillimanite-bearing assemblages under near isobaric conditions in the southern 
portion of the Farmington quadrangle (refer to Fig.2). Temperatures and pressures are 
estimated for the sillimanite zone as T= 580 + 25 oC and P= 3.1 + 0.25 kb based on biotite- 
garnet (Holdaway et al., 1988) and Ti-biotite geothermometry (Henry and Guidotti, 2005; 
and this study), and pressures calculated from muscovite-almandine-biotite-sillimanite 
(MABS) geobarometry (Holdaway et al., 1988; and Dutrow, 1985). Recrystallization during 
M3 events closely approached chemical equilibrium (Guidotti, 2002; Guidotti et al., 1996;  
Guidotti and Holdaway, 1993; Guidotti, 1970). The M4 contact event to the north, and the M5 
high-grade event around the Sebago pluton to the south, did not affect the Farmington 
Quadrangle.  
        All samples for this study (except 147) were collected from the laminated pelites and 
siltstones that are interlayered with beds of cross-bedded sandstones (member Ssp) of the 
Silurian age Sangerville Formation in the Farmington Quadrangle, NW Maine (Table 1, Fig. 
3) (Dutrow, 1985). Sample 147 was collected from slightly calcareous metagreywacke with 
calcareous, massive or thinly bedded metapelites (member Sss) (Dutrow, 1985). Intermittent 
in these layered outcrops exists a metalimestone member (Ssl) that contains thinly 
5
Fig. 2. Metamorphic map of west central Maine. The location of the cities of 
Farmington and Rangeley (upper left corner) are marked with a black dot. A 
solid box bounds the location of the Farmington Quadrangle. Isograds 
increase in grade form NE to SW and mark the first appearance of the mineral 
in which the colored zones are labeled: M3 zones: tan = Garnet (Gar), light 
yellow = Staurolite (St), and dark yellow = Sillimanite (Sil). M5 zone: 
brownish orange = K-feldspar-sillimanite (Kfs-Sil). Plutons are stippled and 
labeled: RB-Reddington Batholith, MSB-Mooselookmeguntic Batholith, PB-
Phillips Batholith, LG-Lexington Group, SKB-Skowhegan Batholith, SB-
Sebago Batholith (adapted from Guidotti and Holdaway, 1993; Dutrow et al., 
1999).
6
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Table 1. Stratigraphy of the Farmington Quadrangle, Maine
[modified from Dutrow, 1985  (after Pankiwskyj, 1971, and  Pankiwskyj et al., 1976)].
Saddleback Fm. DSsp     Bedded pelite and siltstone with thicker beds of siltstone
strongly cross-bedded; local massive pelite    
Sangerville Fm. Ssl          Lower metalimestone member; thinly interbedded micritic 
limestone and non-calcareous metasandstone, metagray-
wacke and metapelite “ribbon rock”; metapelite usually 
sulfidic 
Ssp         Laminated pelite and siltstone, interlayered with beds of 
strongly  cross-bedded sandstone
Ssr          Sulfidic siltstone and sandstone
Sss         Thickly-bedded, typically calcareous and/or ankeritic 
graywacke grading into thinly, well-laminated dark
pelite and light siltstone  
S s
Ssl
s
Ssr
Ssp
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Fig. 3. Sample locations on a geologic map of the lower Farmington Quadrangle, 
Maine (map area is denoted by the red box on the inset isograd map of the Farmington 
Quadrangle used in Fig. 2). Black dots represent the seventeen sample locations. 
Silurian and Devonian aged units. [modified from Dutrow, 1985 (after Pankiwskyj, 
1971, and Pankiwskyj et al., 1976)].
Stratigraphic contact
Stratigraphic contact, inferred
Sedimentary facies change
River
Pluton
Lake / Pond
44o30’ N
44o37’50’’ N
70o15’ 70o00’
North Jay
Skowhegan
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interbedded micritic limestone and non-calcareous metasandstone, metagreywacke, and 
metapelite.  
Previous Work on Staurolite Pseudomorphs  
         Staurolite replacement by muscovite has been well documented within the 
Farmington Quadrangle (e.g. Dutrow, 1985 and Dutrow et al., 1999) and the surrounding 
areas of Rangeley Quadrangle (Foster, 1977, 1981, 1982) and Oquossoc Quadrangle 
(Guidotti, 1968, 1970, 1974). These studies established that the muscovite-rich pseudomorph 
is a result of the replacement of the original minerals from mass transfer via the diffusion of 
approximately ten components between different domains on the thin section scale (Guidotti, 
1968, 2001; Foster, 1977, 1981, 1983; Dutrow et al., 1999).  
        Prograde muscovite after staurolite pseudomorphs from the Rangeley-Oquossoc areas 
of Maine were first recorded and discussed in the metapelitic rocks by Guidotti (1968). In a 
later study concerning the pseudomorphic replacement, he found that muscovite replaces 
staurolite within the main limiting assemblage sillimanite + staurolite + biotite +/- garnet, 
and gives evidence for the process as being a constant volume recrystallization limited by the 
bulk composition, and that it closely approaches chemical equilibrium (Guidotti, 2002).  
         Tourmaline-rich muscovite pseudomorphs after staurolite are found in metapelitic 
rocks located around the North Jay pluton in the Farmington quadrangle and were studied by 
Dutrow et al., (1999). Invasive boron-rich fluids influenced the development of tourmaline-
rich muscovite after staurolite pseudomorphs in a biotite, muscovite, plagioclase, quartz, 
ilmenite, and garnet matrix. Irreversible thermodynamic models of pseudomorph textures 
demonstrated that the pseudomorphs grew in a two-stage process. Initially the staurolite was 
partially replaced by muscovite. This was followed by an influx of boron-rich fluids expelled 
from North Jay pluton that triggered the second stage of pseudomorph development by 
10
  
nucleating and growing abundant euhedral tourmaline crystals in the center of the 
pseudomorph near remaining staurolite (i.e. to supply Fe, Al, etc.). A new growth of 
tourmaline, rather than overgrowths on preexisting tourmaline grains, suggests that fluid 
infiltration occurred in the area during pseudomorph development.   
        Foster (e.g. 1977, 1981 and 1983) studied the formation of muscovite pseudomorphs 
after staurolite and biotite pseudomorphs after staurolite found in the Rangeley area in NW 
Maine. The pseudomorphing of staurolite porphyroblasts by muscovite begins with the 
nucleation of sillimanite in a rock matrix of biotite, muscovite, plagioclase, quartz, ilmenite, 
and garnet. He found that the chemical potential gradients between the growing sillimanite, 
preexisting staurolite, and the matrix garnets trigger diffusional mass transfer in a closed 
system, meaning that H2O is only present locally. Therefore, a pseudomorph developing in a 
closed system is not open to components from outside the thin section scale. This leads to the 
pseudomorphing of staurolite by micas at the expense of the matrix (Foster, 1977). The 
Rangeley samples used in Foster’s work (1977, 1981, 1983) are of the same grade and have 
similar matrix and pseudomorph compositions as the Farmington samples. Consequently, 
comparisons and contrasts can be established between the pseudomorphs that developed in 
the Rangeley and Farmington locales. 
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METHODS 
    To test the hypothesis that pseudomorphs record metamorphic conditions, the 
pseudomorphs and matrix were characterized with various analytical techniques. Samples 
used in this study were collected from the sillimanite zone, located in the lower half of the 
Farmington Quadrangle, Maine by Dutrow (1985, personal communication; refer to Fig. 3). 
Polished thin sections of ~40 samples were examined using light microscopy to identify the 
mineralogy and locate the pseudomorphs, determine textural relationships of the minerals, 
and to visually estimate mineral modes. Samples containing pseudomorphs with discernible 
boundaries were chosen for study. Seventeen samples, each containing 2-5 pseudomorphs, 
were selected for further analysis of the pseudomorphs and surrounding matrix. The criteria 
for choosing pseudomorphs for this study are that they be prograde, contain muscovite 
>40%, and include < 2% garnet and tourmaline (tourmaline-rich pseudomorphs were 
previously studied by Dutrow et al., 1999). Most samples contain garnet in the matrix, but 
only two samples contain garnet inside the pseudomorph boundary. Mineral formulas and 
abbreviations are given in Table 2.  
Scanning Electron Microscope Analyses  
        The Scanning Electron Microscope (SEM) model JEOL JSM-840A was used to 
identify mineral phases and textures, mineral distributions, and quantify mineral modes via 
image analysis. The types of images collected are digital backscattered electron images 
(BEI), elemental distribution (X-Ray) maps, and SEM cathodoluminescence (SEM-CL) 
images. X-ray maps provided the basis for image analyses to quantify mineral modes.  
Backscatter Electron Images 
      The basis for gray level intensities in a backscattered electron image (BEI) is mean 
atomic weight. Elements with higher atomic number will show a stronger emission, 
12
Table 2. Mineral Formulae and Abbreviations*
Mineral Formula
Staurolite (St) Fe3-4Al18Si8O48H2-4 
Muscovite (Ms)        KAl2AlSi3O10(OH)2    
Biotite (Bt)               KFe3AlSi3O10(OH)2 
Plagioclase (Pl)         NaAlSi3O8 - CaAl2Si2O8  
Quartz (Qtz)             SiO2 
Sillimanite (Sil)          Al2SiO5 
Ilmenite (Ilm)            FeTiO3  
Garnet (Grt)             (Ca, Fe, Mg, Mn)3Al2SiO4 
Apatite (Ap)            Ca5(PO4)3(F,CL,OH)
* after Kretz (1983)
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producing a lighter area on the image (e.g. Postek et al., 1980). Backscattered electrons were 
detected and a 256-shade grayscale image was created by the NiH Image program used for 
image collection on the SEM. Mineral phases, zoning, and spatial relations can then be 
distinguished by different shades of gray, provided sufficient differences in average atomic 
numbers.  
X-ray Maps  
     X-ray maps are 16-bit, 256 gray-scale images depicting the distribution of major 
elements. Characteristic X-ray signals generated by the interaction of an electron beam and 
the sample were detected and then recorded as digital images. X-ray maps were obtained by 
energy dispersive spectroscopy (EDS) using a Tracor Northern microtrace EDS detector. 
Images were collected using an accelerating potential of 20kV, a beam current of 10-20nA, 
and a 1-2µm focused electron beam creating an approximate 10-µm area of X-ray generation. 
EDS analysis produces qualitative chemical results. Most of the images were obtained at a 
overall image size of 5.75 mm. The elements Si, Al, K, Fe, Na, Ca, Ti, Mg, Mn, S, and P 
were selected for detection because all of the major mineral phases in the pseudomorphs and 
surrounding matrix are defined by this combination of elements. A 16-bit gray-scale (256-
shades) digital image was produced for each element. The relative concentrations of elements 
in the image show up as lighter areas on the grayscale image, meaning that the higher the 
concentration of an element in a location the lighter it is in the image (Fig. 4). 
        The gray-scale X-ray maps were used for calculating mineral modes (discussed 
subsequently), and color enhanced X-ray maps aided in identification of mineral phases. The 
image-processing program Image J (Rasband, 2005) was used to combine X-ray maps using 
a RGB color scheme. Individual gray-scale images of three elements, for example Na, K, and 
Si, were colored red, green, and blue, respectively. Merging these three-color images reveal 
14
Fig. 4. Sample 167 X-ray image of Al. Phases with higher concentrations 
of Al are lighter. Sillimanite (Al2SiO5) is the lightest, while quartz (SiO2) 
is black (refer to Table 1 for mineral abbreviations). Image width is 5.75 
mm.
15
  
the mineral phases as a function of elemental signatures, i.e. albite (NaAlSi3O8) is purple, 
muscovite (KAl2AlSi3O10(OH)2) and biotite (KFe3AlSi3O10(OH)2) are bluish green, and 
quartz (SiO2) is blue (Fig. 5). The process is repeated by adding other elements (colored red, 
blue, or green) producing an image of the pseudomorph in which each of the dominant 
mineral phases is a different color (Fig. 6). The same color scheme applies to all the X-ray 
maps used in this study.  
        Quartz and plagioclase are important components of the pseudomorphs, but are 
indistinguishable with optical microscopy because they have a similar birefringence and a 
lack of twinning. Distinction of these minerals is also difficult in backscatter electron images 
because they have approximately the same gray scale. The composite X-ray maps allow for 
the phases to be easily distinguished (Fig. 7).    
Modes 
       Modal amounts of muscovite, biotite, plagioclase, quartz, sillimanite, and ilmenite 
within the pseudomorphs and matrix in each sample were calculated using area percentages 
determined from analysis of 16-bit grayscale (256-shade) BEI and X-ray maps. BEI images 
are based on atomic number, and X-ray map images are based on elemental distribution and 
concentrations. The pseudomorph image area was selected and isolated using Adobe 
Photoshop, so that pseudomorph modes would not be influenced by the surrounding matrix 
modes. The modes of the pseudomorph boundaries and matrices were done in the same way. 
An X-ray map of aluminum was used for modal analysis because all of the mineral phases of 
interest contain discrete and different amounts of aluminum, except for quartz (SiO2). The 
minerals can be distinguished by a different shade of gray (refer to Fig 4). Quartz is 
completely black.    
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Fig. 5.  Sample 167 merged Na, K, and Si X-ray images, where Na = red, 
K = green, and Si = blue. In the resultant composite image quartz is blue, 
plagioclase is purple, and muscovite + biotite is green (c.f. with Fig. 4). 
Image width is 5.75mm.
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Fig. 6. Sample 167 final composite RGB X-ray image. Sillimanite = red, 
Quartz = blue, Biotite = green, Albite = purple, Muscovite = brownish-
yellow. Image width is 5.75 mm.
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Fig 7. Comparison of quartz and plagioclase images clarify the reasoning 
behind the use of X-Ray maps. The images are of the same area of quartz and 
albitic plagioclase concentrations edging the pseudomorph in sample 164. (a) 
Cross-polar photomicrograph image. The small and equigranular quartz and 
plagioclase grains are difficult to distinguish because of their similar 
birefringence, and because the plagioclase is untwined. (b) Backscatter electron 
image shows that plagioclase and quartz have a similar grayscale because of 
their close atomic weights. (c) A composite RGB X-ray map image. Plagioclase 
and quartz are easily distinguished based on their chemistries.
19
(a)
(c)
(b)
Qtz + Pl 
Qtz + Pl 
Qtz + Pl 
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        The threshold function of the image-processing program Image J (Rasband, 2005) 
distinguishes a mineral phase based on its assigned gray of the 256-shade scale, and then 
calculates the area of the phase. The modal percentage of that mineral is normalized to the 
total area of the pseudomorph. For example, the area occupied by quartz is then divided by 
the total pseudomorph area and multiplied by 100% to give the modal percentage of quartz. 
This method of separating gray-scales to obtain area percentages was applied to the 256 
shades gray-scale of both BEI and X-ray images in order to test the accuracy of the results. 
The same magnification was used for all the BEI and X-ray map images. Using both X-ray 
and BEI to calculate modes produced results that differed relatively by + 2%, based on the 
comparison between images.  
Cathodoluminescent Images 
        Cathodoluminescent (CL) images are used to distinguish mineral phases, and to 
determine zoning in some minerals. Luminescence is produced due to electron bombardment 
on a sample that displaces inner shell electrons, and when outer shell electrons fall into these 
orbitals, it triggers the emission of light in wavelengths within the visible spectrum. The 
wavelength and intensity of light emitted is a function of mineral composition and the 
distribution of CL activators (Marshall, 1988). Cathodoluminescence (CL) spectroscopy is a 
method to characterize mineral zoning, either related to lattice defects or by the distribution 
of trace element activators. CL is sensitive to chemical heterogeneities, lattice defects, 
crystallographic orientation (e.g. Walderhaug, 2000), and CL detects micro-fractures and 
recrystallization (e.g. Holness and Watt, 2001). 
        Cathodoluminescent images of polished thin sections coated with carbon were 
collected using an Oxford Instruments PA10 CL detector fitted to the JEOL SEM. Images 
were collected at a working distance of 13.0mm, and the hemispherical opening of the 
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collection device allows for a magnification of 130x (0.2816 pixels/µm), making the final 
image size 0.74 mm (740 µm). The SEM operated with an accelerating potential of 20.0kV 
with a beam current of 20-30 nA. The intensity of a CL signal is weak, so that an increased 
beam current and long collection times were used to boost the signal and intensify the image. 
The method for collecting color-enhanced CL images requires that three frames be taken of 
the same area, one for each color filter – red (R), green (G), and blue (B). Collection times 
for each R, G, and B frame averaged 3 minutes. The frames were then merged together using 
the program Image J, and the RGB color combination yields a color-enhanced luminescence 
for each mineral. Because pseudomorphs are typically 4.0-7.0 mm in size, and because the 
size of the CL collection area is limited, a series of images were collected in a grid to capture 
the entire pseudomorph. The images were then recombined using Adobe Photoshop to 
display the pseudomorph, the pseudomorph boundary, and the surrounding matrix. 
        Initially, cathodoluminescent images were taken to distinguish between quartz and 
plagioclase because these minerals have similar birefringence and backscatter electron 
intensity and cannot be distinguished optically or with BEI. However, they each produce a 
different luminescence. These minerals also share a small and comparable grain size, similar 
birefringence, and lack of twinning, making them difficult to distinguish with the 
petrographic microscope. The sillimanite grains typically have a long aspect ratio, and are 
colorless. This makes them difficult to see, and even harder to count. The boundaries of 
sillimanite growth are not always clear, even with the easy to identify fibrolitic mats. When 
abundant sillimanite exists inside a pseudomorph, the combined luminescence of the grains is 
so strong that it masks any luminescence produced by quartz and plagioclase. For example, 
the sillimanite in sample 172a is abundant (21% modal), and so the red luminescence 
produced on image overpowers the CL signals of plagioclase and quartz, making the grain 
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boundaries difficult to see. The CL images also brought out alteration products along mineral 
edges, zoning, sealed cracks in quartz, and grains normally hard to see with light microscopy 
(apatite). 
Electron Microprobe Analysis   
        Quantitative chemical compositions of selected minerals were determined using 
wavelength-dispersive spectrometry (WDS) of the electron microprobe JEOL 733. WDS 
produces a quantitative chemical analysis with a detection limit of ~ 0.01 wt% for most 
elements. In both the matrix and pseudomorph, plagioclase was analyzed for the elements Si, 
Al, K, Na, Ca, and Ba; and biotite and muscovite were analyzed for Si, Al, Fe, Mg, Cr, Ti, 
Mn, K, Na, Ca, Ba, F, and Cl. A series of well-characterized silicates were used as standards 
(Table 3). Analyses were performed at an accelerating potential of 15.0kV, a beam current of 
~10 nA, using a 1.0µm focused electron beam. Three to five mineral grains from within the 
pseudomorph and from the matrix were analyzed. Two to five spot analyses per grain were 
collected for counting times of 30-60 seconds per element in biotite and muscovite, and 20-
40 seconds in plagioclase. Traverses of plagioclase grains within the pseudomorphs, mantle 
regions, and matrix of four samples (164, 172a, and 183a, 147) were done to detect chemical 
zoning. Stoichiometric calculations for plagioclase were normalized on the basis of eight 
oxygens. Biotite and muscovite chemical compositions were normalized on the basis twenty-
two oxygens.   
        Quartz grains from two samples were analyzed with spot traverses to detect trace 
elements that might cause the CL zoning. These analyses required a high current (100.0nA) 
with long count times (30-40 s for Si, 110-140 s for Al and Ti), so that Al and Ti could be 
detected at trace levels.  
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Table 3. Mineral Standards used for Electron Microprobe Analyses.
Si 
Al 
Fe
Mg
Ti
Mn
Cr
Na
Ca
K
Ba
F
Cl
Plagioclase Biotite / Muscovite
Toronto Plagioclase       Toronto Diopside
Toronto Albite                SMU Andalusite
*                                     Johnstown Hypersthene
*                                     Toronto Diopside
* Kakanui Hornblende
*                                     Toronto Rhodonite
* USNM 117075 Chromite
Toronto Albite                Toronto Albite 
Toronto Plagioclase        Toronto Diopside
Toronto Sanidine            Toronto Sanidine
Toronto Sanidine            USNM 86539 Benitoite
*                                     USNM 104021 Apatite
* Toronto Tugtupite
* not determined
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Geothermometry 
          To determine the temperature of the pseudomorph samples, six biotite analyses were 
used. Ti-in-biotite geothermometry (Henry et al., 2005) is a method to calculate temperatures 
in peraluminous metapelites. Calculating temperatures based on this thermometer requires 
that the rocks contain ilmenite, graphite, quartz, and the Al-rich minerals staurolite and/or 
sillimanite; have biotite compositions that fall within XMg=0.275-1.0 and Ti=0.04-0.6 apfu 
range; and, have pressures in the 4-6 kbar pressure range. Farmington metapelites fit the Ti- 
in-biotite geothermometry criteria. Chemical data collected from electron microprobe 
analysis of biotite (in apfu based on 22 oxygens) were used in the Ti-in-biotite 
geothermometry Excel spreadsheet. The compositions of two –five biotites from inside the 
pseudomorph of each sample were used in the calculations of the temperature of 
pseudomorph formation. These temperatures are used in conjunction with previously 
calculated temperatures (Holdaway et al., 1988; Dutrow, 1989) from the Farmington area. 
The spreadsheet used for calculations can be found at: 
http://www.geol.lsu.edu/henry/Research/biotite/TiInBiotiteGeothermometer.htm. 
Textural Modeling 
        Local reactions responsible for pseudomorph formation were modeled using the SEG 
93 program (Foster, 1993). The program models the textures that would be expected to result 
by calculating local cation exchange reactions that describe the movement of components 
between different domains of a rock (Foster, 1981). This approach combines material 
transport equations, conservation equations, and Gibbs-Duhem equations at constant T and P 
to calculate the reaction mechanisms that develop in a rock under local equilibrium (Foster, 
1981). Mineral chemical data of staurolite-sillimanite zone metapelitic rocks from the 
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Farmington Quadrangle were used in the program; staurolite chemistries from Dutrow 
(1985); and biotite, muscovite, and plagioclase from this study. Through the series of coupled 
reaction equations, the program calculates the components required to produce a 
pseudomorph under a system of local equilibrium. The results of SEG 93 produce models of 
mineral textures that can be compared with natural assemblages. The closed system model is 
based on the following series of assumptions about the conditions of pseudomorph 
formation: (1) the system is in local equilibrium, (2) the mineral compositions and relative 
diffusion coefficients are constant for a single model, (3) the system is open to H2O-rich 
fluids with a fixed chemical potential at the grain boundaries, and (4) the system remains at 
steady state because compositional changes of the fluids along the grain boundaries are 
negligible (Foster, 1982). An assumption used in this study is that the relative diffusion 
coefficients used to recreate the Rangeley area muscovite pseudomorphs are also valid for 
the textural modeling of the Farmington area pseudomorphs. This assumption is reasonable 
because of their similarities in P-T conditions and bulk compositions. A system allowed to be 
open to components was also considered for comparison between calculated and observed 
mineral modes of the pseudomorphs.  
        To analyze representative pseudomorphs in this study, the mineral modes used are 
based on quantitative image analyses. The mineral modes used in the texture models of the 
four representative pseudomorph types were selected from one pseudomorph that was the 
best example of each type. The pseudomorph types are: muscovite-rich, quartz-muscovite, 
plagioclase-muscovite, and sillimanite-plagioclase-muscovite (refer to Results for 
explanation of types) (Fig. 8). Mineral phases used in the model are staurolite with quartz 
poikiloblasts, muscovite, biotite, quartz, sillimanite, plagioclase, and ilmenite. Mineral 
chemistries used in the modeling were determined from electron microprobe analyses of 
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Fig. 8. Mineral modes (%) used in the textural modeling. The mineral modes are 
based on the best example from each of the four pseudomorph types: Muscovite-
rich (Ms-rich), Quartz-Muscovite (Qtz-Ms), Plagioclase-Muscovite (Pl-Ms), and 
Sillimanite-Plagioclase-Muscovite (Sil-Pl-Ms).  
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sillimanite zone Farmington samples from this study, and from staurolite zone samples 
determined by Dutrow (1985) (Table 4). Relative diffusion coefficients were taken from 
Foster (1981). Mineral chemistries, matrix modal amounts, and relative diffusion coefficients 
are input to the program (Table 5). 
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Table 4. Summary of mineral compositions used in the textural modeling (in apfu)
              (Determined from Electron Microprobe Analyses)
Ms K 1.59 Na 0.33 Al 5.74 Fe 0.11 Mg 0.09 Ti 0.05 Si 6.06 O20 (OH)4
Bt K 1.76 Na 0.09 Fe 2.66 Mg 1.95 Ti 0.19 Al 3.58 Si 5.35 O20 (OH)4
Pl Na 0.77 Ca 0.22 K 0.00 Al 1.22 Si 2.78 O8
St* Fe 3.54 Mg 0.57 Al 17.79 Ti 0.10 Si 7.64 O48 H3.38
Ilm Fe1.95 Ti 1.99 O6
Gar Fe 2.43 Mg 0.27 Ca 0.09 Al 2.02 Si 2.99 O12
Sil Al2  Si O5
Qtz Si   O2
* St data from Dutrow (1985)
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FE  NA  MG  AL  SI   K  CA  TI  H20         ST  G   B   M   P  I   S   Q   W  
STAUROLITE 3.543       0.572 17.79 7.641              0.103 2.000
GARNET RIM 2.433        .265 2.017 2.999         .090
BIOTITE    2.658 0.086 1.950 3.584 5.351  1.756       0.195 2.000
MUSCOVITE  0.112 0.334 0.089 5.735 6.064  1.589       0.048 2.000
PLAG.RIM         0.769       1.221 2.779  0.002 0.219           
ILMENITE   1.945                                      1.993     
SILLIMANIT                   2.000 1.000                        
QUARTZ                             1.000                        
FLUID                                                       1.0
KSPAR                          1.0   3.0  1.0                   
KYANITE                       0.0   0.0                         
Chlorite   2.5           2.0    3.   2.5                      4.
Melt       0.000 1.500 0.000 3.000 15.00  1.500       0.000 2.000                             1.0                               
71%St+29%Q 3.543       0.572 17.79 10.69              0.103 2.000
Magnetite  3.                                                   
446.  115.  308.  280.  100.2   64.  50.  23.   0.0001  108.7  44.1  213.  450.  632.  44.5  
1.00 9.00 1.00 7.00 5.00  1.00  1.00 1.00 1.0  1.0  1.0        
06 13 04 07 11 00 15 08 00 14 03 02 09 12 00         
1
2
3
4
5
Table 5. Example of SEG 93 input data screen. Line labels: (1) abbreviated element 
species and mineral names, (2) mineral chemical analyses listed in apfu, (3) modal 
percent of staurolite containing quartz poikiloblasts and mineral chemistries, (4) molar 
volumes (cm3), (5) relative diffusion coefficients. 
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RESULTS 
       The metapelites of the Farmington Quadrangle, Maine contain pseudomorphs of 
muscovite that have completely replaced staurolite. This is based on observations of 
unreacted staurolite found in the centers of some pseudomorphs within the staurolite + 
sillimanite zone (Fig. 9), and the muscovite pseudomorphs retain morphology consistent with 
the staurolite shape. Muscovite pseudomorphs were collected from throughout the sillimanite 
zone in the lower half of the Farmington Quadrangle. In the sample location map, each 
sample is designated with a sample number and a color representing its pseudomorph 
mineralogy type (discussed subsequently) (Fig. 10). The rock samples under study are all 
metapelitic schists with the composition biotite + muscovite + quartz + plagioclase + ilmenite 
+ garnet + tourmaline + apatite.  
Petrography   
            The muscovite pseudomorphs range in size from 3.0mm – 1.6 cm, and are easily 
distinguished in hand specimen by their coarse-grained ovoid shape, and lighter color when 
compared to the matrix, and. In thin section, they are recognized as coarse-grained muscovite 
aggregates that retain a roughly orthorhombic staurolite shape (Fig. 11). The muscovites have 
a larger grain size (3.0-6.0mm) than matrix muscovites (1.0mm), and are at random and 
oblique orientations to matrix foliation (Fig. 12). The overall pseudomorph shape varies 
among thin sections from an almost euhedral orthorhombic staurolite morphology to an 
aggregate of muscovite with no resemblance to the orthorhombic staurolite morphology. 
However, within each thin section the pseudomorph morphology is similar. Most of the 
pseudomorphs have rounded boundaries creating ovoid or augen-like shapes (e.g., Fig. 12). 
The pseudomorphs either have tight, distinct boundaries with micas (mostly biotite) 
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Fig. 10. Sample locations on an isograd map of the Farmington Quadrangle, 
Maine. Sillimanite zone is shaded dark yellow. Seventeen sample locations 
are in the sillimanite zone (except for 330 in the transition zone) and are 
marked with colored  boxes representing the pseudomorph modal type: 
green= muscovite-rich, purple=plagioclase-rich, red=plagioclase and 
sillimanite-rich, and blue=quartz-rich (see text for details). Plutons are 
labeled. Metamorphic zones: Gar=garnet, St=staurolite, Sil=sillimanite. 
(modified from Dutrow, 1985) 
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Fig. 11. Plane light photomicrograph of a euhedral orthorhombic staurolite. The 
staurolite (5mm) is in a metapelitic schist from the staurolite zone of the 
Farmington Quadrangle, Maine. Photo courtesy of Barb Dutrow, and used with 
permission. 
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Fig. 12.  Photomicrograph (cross polars) of a prograde muscovite
pseudomorph from sample 329. Notice the ovoid shape and increase in grain 
size of the muscovite in the pseudomorph relative to the grain size in the 
matrix. The minerals in the matrix are biotite (dark brown), muscovite (green, 
blue, and yellow), quartz and plagioclase (gray and white).  
36
  
separating them from the matrix (Fig. 13); or have jagged edges with no distinct boundaries 
(Fig. 14) Typically, those with no distinct boundaries also have an abundance of quartz in the 
matrix. Two of the samples contain very large pseudomorphs, greater than 1.5 cm in size, 
and have a more rounded shape (Fig. 15). Guidotti (1968) referred to this shape of 
pseudomorph as a “spangle” because it is easily observed in hand specimen and resembles a 
small sparkling object often used as adornment.  
        All of the muscovite pseudomorphs are separated from the matrix by a schistose 
mantle area (1-2 mm thick) that is typically composed of biotite, fine-grained quartz and 
plagioclase, with lesser amounts of muscovite, and minor sillimanite. The mantle closely 
follows the shape of the pseudomorph, with elongate grains oriented parallel to pseudomorph 
boundaries (Fig. 16). Pressure shadow “tails” extending from pseudomorphs initially formed 
in association with staurolite during M2 deformation, and are now filled with small equant-
grained quartz and plagioclase, and minor coarse, randomly oriented biotite laths.  
        Matrix foliation wraps around the pseudomorphs and mantle areas (Fig 17). The 1.0-
2.0 mm area of matrix directly next to mantle is biotite-rich (~70 modal %) and muscovite-
poor (<5 modal %). Beyond the 1.0-2.0mm boundary, the matrix composition in the majority 
of the samples is approximately 30% biotite, 29% quartz, 20% muscovite, 9% sillimanite, 
8% plagioclase, 1% ilmenite, and 1% apatite, based on calculated modal amounts (see Modes 
in Methods section). Elongate sillimanite grains from the matrix cut across this schistosity 
and pierce the pseudomorph. Quartz veins 1.0-3.0mm in size cut across the matrix foliation 
in four of the seventeen thin section samples.  
        The metapelitic schists from sillimanite zone of the Farmington Quadrangle also 
contain biotite-rich areas that are coarse-grained with random and oblique orientations to the 
matrix. Only two rock samples include these biotite-rich areas types. By analogy with Foster 
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Fig. 13. Backscatter electron image of a muscovite pseudomorph from sample 
183. Light gray biotite (Bt) forms a tight, distinct mantle separating the 
pseudomorph from the matrix. The pseudomorph contains muscovite (Ms) and 
few biotite laths. Garnet (Grt) is the the lightest gray in the image because of its 
high Fe content, while quartz (Qtz) is the darkest.    
Pseudomorph
Bt
Ms
Grt
Qtz
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Fig. 14. Muscovite after staurolite pseudomorph with 
jagged boundaries from sample 183a: (a) 
Photomicrograph (cross polars) of the pseudomorph. 
The muscovites are bright colors of yellow, blue, and 
purple, and the surrounding matrix is composed of 
plagioclase (gray and white) and biotite (brown); (b) 
Same photomicrograph image with a visually estimated 
yellow outline that follows the shape of the 
pseudomorph boundaries.  
(a)
(b)
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Fig 15. Backscatter electron image of large (1.6 cm wide) muscovite 
pseudomorph “spangle” from sample 164. The left side of the pseudomorph 
retains an orthorhombic shape, while the right side is less well-formed. 
Ilmenite (Ilm) present in the pseudomorph is the lightest, then garnet (Grt), 
biotite (Bt), and muscovite (Ms), respectively. The image area is a circle 
because it was taken at a low magnification, reflecting the aperture size.        
Pseudomorph
Grt
Ilm
Bt Ms
Bt
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Fig. 16. Photomicrograph (cross polars) of a muscovite pseudomorph from sample 
330 with the pseudomorph, mantle, and matrix areas outlined. The mantle closely 
follows the shape of the pseudomorph; biotite is oriented parallel to the 
pseudomorph edges. Matrix foliation wraps around pseudomorph and consists of 
biotite, muscovite, quartz, and plagioclase.  
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Fig 17. Backscatter electron image highlighting a biotite (Bt) -rich mantle (1.0-
1.5mm thick) separating the pseudomorph from the bt + qtz-rich matrix in 
sample 172a. Ilmenite (Ilm) is the lightest, then biotite(Bt), muscovite (Ms), 
plagioclase (Pl), and sillimanite (Sil), respectively. 
Ms
Ilm
Pl
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(1981, 1983) and Guidotti (1974) these are interpreted to be biotite pseudomorphs. Biotite 
pseudomorphs commonly occur with muscovite-rich pseudomorphs in the metapelites of the 
Rangeley area. Farmington sample 147 contains biotite-rich areas (possibly after staurolite) 
that appear to share many of the same textural characteristics as the muscovite-rich 
pseudomorphs, such as grain size, shape and orientations. Sample 207 has coarse-grained 
biotite areas (possibly after garnet) whose aggregate of biotite grains form a shape 
reminiscent of the isometric garnet crystal shape.  
Mineral Modes  
        Muscovite-rich pseudomorphs are found in graphitic pelitic schists that have a matrix 
containing varying modal amounts of muscovite, biotite, plagioclase, and sillimanite (+ 2%). 
A summary of the modal mineralogy for the pseudomorphs and matrices in all the samples is 
given in Table 6. Sillimanite and plagioclase were the most variable (in both matrix and 
pseudomorph) with ranges from 2-30% plagioclase, and from trace to 25% sillimanite.    
        Importantly, samples that have more plagioclase have distinctly less sillimanite, and 
conversely, samples with abundant sillimanite have less plagioclase. An example is sample 
183a that has up to 19% plagioclase in the pseudomorph, and contains up to 30% plagioclase 
with lesser biotite and quartz, and trace sillimanite in the matrix (Fig. 18). Another example 
is the matrix in sample 164 that contains up to 16% sillimanite and only 4% plagioclase (Fig. 
19). In every sample sillimanite occurs within the plagioclase. Even in the most plagioclase-
rich, sillimanite-poor sample (183a), the sillimanite is almost exclusively found as small 
individual needles included in the plagioclase (Fig. 20). Typically, plagioclase-rich 
pseudomorphs also have abundant plagioclase in the matrix. The exception is sample 172a in 
which both plagioclase and sillimanite are concentrated in the pseudomorph, and there is not 
a marked increase of plagioclase in the matrix.  
43
Table 6. Mineral modal amounts (%) in the pseudomorphs (ps) and matrix (mtx) as 
determined by image analysis. Samples are listed according to mineral abundance for 
each pseudomorph type (refer to text for explanation on pseudomorph types).
                                                                Muscovite-rich                                                              
183 236        200a 191 202
ps mtx ps mtx ps mtx ps mtx ps mtx 
Ms 80 22 75 25 70 20 70 32 70 33
Bt 7 32 8 25 8 31 10 27 10 20
Pl 3 10 0 5 6 10 7 5 7 10
Sil 2 10 8 15 4 12 3 10 6 12
Qtz 1 18 6 20 1 20 5 16 4 20
Ilm 1 2 5 3 1 2 4 3 1 2
Ap 2 3 1 2 2 3 2 4 2 3
Grt 0 3 0 5 0 4 0 3 0 4
                                           Plagioclase muscovite                                         
207   183a 329 204
ps mtx ps mtx ps mtx ps mtx 
Ms 58 19 72 13 60 25 64 29
Bt 8 26 7 27 5 27 12 21
Pl 22 17 18 31 16 18 12 13
Sil 5 5 0 2 2 2 5 11
Qtz 6 25 2 25 13 20 3 18
Ilm 1 4 0 1 5 4 2 3
Ap tr 2 1 3 1 1 1 2
Grt 0 2 0 0 0 2 0 5
                                                            Quartz muscovite                                                              
330 176 165 147 164
ps mtx ps mtx ps mtx ps mtx ps mtx 
Ms 60 28 58 27 70 24 67 19 68 16
Bt 7 26 15 33 15 33 17 29 12 32
Pl 1 8 8 6 2 6 2 10 2 4
Sil 1 6 5 19 0 4 0 3 5 15
Qtz 25 25 14 12 13 25 12 31 12 22
Ilm 2 4 1 2 1 3 1 3 tr 3
Ap tr 1 3 0 tr 2 tr 2 1 2
Grt 0 2 0 4 1 4 0 3 1 6
                 Sillimanite plagioclase muscovite               
 172a 167 214
ps mtx ps mtx ps mtx 
Ms 50 20 60 15 58 23
Bt 6 28 7 20 12 21
Pl 20 12 12 17 10 17
Sil 21 14 12 12 12 9
Qtz 2 24 8 30 5 22
Ilm tr 1 tr 3 1 3
Ap tr 1 tr 1 2 2
Grt 0 2 0 3 0 3
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Fig. 18. The matrix in sample 183a contains up 30% 
plagioclase, 30% biotite and 30% quartz. Minerals are 
equigranular. The images are the same scale (a) Backscatter 
electron image highlighting the light biotite (Bt). Plagioclase 
(Pl) and quartz (Qtz) are darker. (b) Composite RGB X-ray 
map showing the abundance of plagioclase in the sample: 
plagioclase (Pl) is purple, biotite (Bt) is green, and quartz 
(Qtz) is blue.   
(a)
(b)
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Fig. 19. Composite RGB X-ray map of the matrix in sample 164 showing that 
samples with more sillimanite (Sil) tend to have little plagioclase (Pl) (1-5%). This 
is converse to those samples that contain abundant plagioclase (~30%) and little 
sillimanite (1-3%). Dark brown areas are chlorite.   
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Fig. 20. SEM Cathodoluminescence image of plagioclase (Pl) grains 
containing sillimanite in sample 183a. Red sillimanite (Sil) occurs as small 
individual acicular grains within the blue plagioclase. The yellow-green 
streak is apatite. 
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        The matrices of most of the pelitic schists contain fibrolitic sillimanite mats that occur 
as radial clusters, or as stringy clumps with long filament-like tails. These mats are often 
proximal to biotite clusters (see Foster, 1990). In most of the samples, fibrolitic sillimanite 
strands from the matrix cut across pseudomorph boundaries and penetrate the pseudomorphs. 
And, in sample172a, concentrations of coarse-grained sillimanite are present in the centers of 
the pseudomorphs. Euhedral crystals of sillimanite are only found within pseudomorphs from 
sample 172a. Fibrolite in this sample is concentrated in the mantle area, and the inside the 
pseudomorph boundaries, leaving the middle filled with clusters of coarse-grained sillimanite 
(Fig 21). Cathodoluminescence of these sillimanite grains reveals complex CL zoning 
patterns of red luminescence, predominantly parallel to crystal edges (Fig.22).    
Pseudomorph Mineral Modal Types 
        Although there is a range of modal variability in the seventeen thin section samples 
each containing 2-5 pseudomorphs (refer to Table 6), the pseudomorphs could be grouped 
into four types: muscovite- rich (> 70% ms, 8-10% bt, 3-7% pl, 2-8% sil, 1-6% qtz, 1-5% 
ilm, and 1-2% ap); plagioclase muscovite (58-72% ms, 15-22% pl, 8-12% bt, 2-13% qtz, 1-
5% ilm, tr-1% ap, 0-5% sil); sillimanite plagioclase muscovite (50-60% ms, 10-20% pl, 10-
21% sil, 6-12% bt, 2-8% qtz, tr-2% ap, and tr-1% ilm); and quartz muscovite (58-70% ms, 
12-25% qtz, 7-17% bt, 1-8% pl, 1-5% sil, 1-3% ap, and tr-2% ilm). Other pseudomorphs 
have mineralogies that are intermediate to the “end-member” values, but are categorized 
according to the four types for simplicity. The distribution of mineral modes with respect to 
the four representative types for all of the pseudomorph samples is shown in Figure 23. All 
of the pseudomorphs are composed of at least 45% muscovite, with varying amounts of 
biotite, plagioclase, quartz, and sillimanite comprising the rest of the dominant phases (Fig. 
24). One pseudomorph of each type of was used in the textural modeling (discussed 
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Fig. 21. Backscatter electron image of a muscovite pseudomorph containing both fibrolite 
and coarse sillimanite from sample 172. The image is of the center of a plagioclase and 
sillimanite-rich pseudomorph. Fibrolitic sillimanite is located throughout the pseudomorph, 
and diamond-shaped sillimanite (Sil) grains are concentrated in the center of the 
pseudomorph. Orientation of these sillimanite grains is perpendicular to c-axis. Inset is CL 
image of these sillimanite outlined by the box (in Fig. 22). 
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Sil
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Fig. 22. SEM cathodoluminescence image of coarse sillimanite located in the boxed area 
of the backscatter electron image from Figure 21. Sillimanite has bright red 
luminescence. Complex zoning of red luminescence parallels the crystal edges and is 
seen as alternating light and dark red bands.  
CL
50
Fig. 23. A distribution of the pseudomorph modal types with respect 
to their mineralogy: green = muscovite-rich, blue = quartz 
muscovite, and purple = plagioclase muscovite + sillimanite 
plagioclase muscovite. 
Ms50Qtz50 Ms50Pl+Sil-Pl50
Ms
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Fig. 24. Distribution of plagioclase, quartz, and sillimanite within the 
three muscovite pseudomorph types that are defined by these phases 
(normalized to the three phases): purple = plagioclase muscovite, 
and red = sillimanite plagioclase muscovite, and blue = quartz 
muscovite. 
Qtz Sil
Pl
50 50
50
100
100 100
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subsequently). The following RGB color X-ray images represent the four modal types of 
pseudomorphs. The same image analysis programs, and color merging sequence was used to 
create each image (see Methods). Even though the elements are designated by the same color 
in each X-ray image, there exists some amount of color variation in the produced mineral 
phases, especially in muscovite. The muscovite in some images is yellow-brown, and in 
others it is green-brown. Because X-ray maps are based on element concentrations, this may 
reflect compositional variations. 
Muscovite-Rich Pseudomorphs 
        Of the thin sections studied, muscovite-rich pseudomorphs are found in samples 183, 
236, and 200a (Figs. 25, 26, and 27, respectively). Sample 183 contains five pseudomorphs 
that range in size from 3.0-8.0 mm, sample 236 has two pseudomorphs that are 6.5mm and 
1.2 cm, and sample 200a has three pseudomorphs from 4.0-6.0 mm. All contain > 70% (+ 2%) 
muscovite, 7-10% biotite, 3-7% plagioclase, 3-8% sillimanite, 1-6% quartz, 1-5% ilmenite, 
and 1-2% apatite (refer to Table 6). The pseudomorphs from each of these samples have 
similar mineralogies but different textures and spatial distributions of minerals (Fig. 28). 
Sample 183 pseudomorphs contain the most muscovite (> 80%) with distinct boundaries, and 
biotite-rich mantles. Biotite grains in the mantles are oriented with matrix that wraps around 
the pseudomorph. The pseudomorphs from sample 236 are different from those in 183 
because the boundaries are more irregular; and do not have distinct mantle areas. It also 
contains the most quartz (6%) and fibrolitic sillimanite (8%) of the muscovite-rich 
pseudomorph samples. Sample 200a has the most plagioclase of the samples (6%), and is 
surrounded by a mantle that is rich in both plagioclase and biotite.     
        Matrix modes in the samples range between 20-32% biotite, 20-30% muscovite, 5-
10% plagioclase, 18-20% quartz, 10-15% sillimanite, and 2-3% ilmenite (see Table 6). The 
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Fig. 25. Composite X-ray map of a muscovite-rich pseudomorph and surrounding matrix in 
sample 183. The pseudomorph contains 80 %muscovite and <10% of other phases within 
the pseudomorph. 
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Fig. 26. Composite X-ray map of a muscovite-rich pseudomorph and surrounding 
matrix from sample 236. The pseudomorph contains 75% muscovite and <10% of the 
other phases. This sample lacks a well developed mantle.  
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Fig. 27. Composite X-ray map of a muscovite-rich pseudomorph and surrounding matrix 
from sample 200a. The pseudomorphs contains 70% muscovite. The mantle area is biotite 
and plagioclase-rich. The black areas are fractures.  
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Fig. 28. Three composite X-ray maps of muscovite-rich pseudomorphs that share 
similar mineralogies, but different textures. Sample 183 shows a well-defined 
pseudomorph boundary wrapped with a biotite-rich mantle. Sample 200a shows a 
plagioclase and biotite-rich mantle. Sample 236 shows a pseudomorph with 
boundaries that are not tightly defined and lacks a distinct mantle area. 
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sillimanite in each sample is fibrolitic and branches into the pseudomorph from the matrix. 
The fibrolite seems to have developed concurrent with the pseudomorphs because the strands 
do not cross cut muscovite grains. The modal amounts of biotite, muscovite, quartz, and 
plagioclase within the matrices containing muscovite-rich pseudomorphs vary by 1-5%. The 
schistosity of the matrix varies between thin sections from slightly schistose (e.g., sample 
236 in Fig. 26) to highly schistose with crenulations (e.g., sample 183 in Fig. 25). Although 
all of the pseudomorphs in this study are technically rich in muscovite, the term muscovite-
rich is intended to indicate that these pseudomorphs contain more muscovite (relative to all 
the pseudomorphs) with comparatively little of the other phases. Some pseudomorphs 
contain up to 30% plagioclase, and are therefore termed plagioclase muscovite 
pseudomorphs, but are muscovite pseudomorphs containing >50% muscovite. Muscovite-
rich type of pseudomorph has been well characterized from other studies (Guidotti, 1968 and 
2005; and Foster, 1977, 1981, 1993, and 1999), and provides a basis by which other 
pseudomorph types are characterized. 
Plagioclase Muscovite Pseudomorphs 
        The plagioclase-rich pseudomorphs are from samples 183a, 207, and 329 (Figs. 29, 
30, and 31, respectively). Previous optical examinations underestimated the modal amount of 
plagioclase within the pseudomorphs, because it was often identified as quartz (refer to 
Methods). By using X-ray maps and cathodoluminescence, the modes were determined to 
contain 15-22% (+ 2%) plagioclase, and 0-5% (+ 2%) sillimanite (refer to Table 6). These 
amounts are more than expected, given the previous studies (Dutrow, 1985 and Guidotti, 
2002). The matrix foliations vary from slightly foliated to highly foliated; and have similar 
modal amounts of biotite (from 21-27%), and quartz (from 20-25%), but have greater 
variability in the amounts of muscovite (from 13-25%) and plagioclase (from 17-31%) (Fig. 
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Fig. 29. Composite X-ray map of a plagioclase muscovite pseudomorph and 
surrounding plagioclase and biotite-rich matrix from sample 183a. The pseudomorph 
contains 72% ms, 7% bt, 18% pl, 0% sil, 2% qtz, and 0% ilm. The pseudomorph has an 
irregular shaped boundary and lacks a distinctive mantle area.  
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Fig. 30. Composite X-ray map of a plagioclase muscovite pseudomorph and surrounding 
matrix from sample 207. The pseudomorph contains 58% ms, 8% bt, 22% pl, 5% sil, 6% 
qtz, and 1% ilm. 
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Fig. 31. Composite X-ray map of a plagioclase muscovite pseudomorph and surrounding 
matrix from sample 329. The pseudomorph contains 60% ms, 5% bt, 16% pl, 2% sil, 
13% qtz, and 5% ilm. 
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32, and refer to Table 6). The samples do not contain any fibrolitic mats. Sillimanite grains in 
all of the samples are small and acicular, but not fibrolitic or prismatic.  
        Sample 183a has four pseudomorphs that range in size from 5.0-9.0mm in a matrix 
that is dominantly composed of equigranular plagioclase (31%), biotite (27%), and quartz 
(25%) that do not show strong foliations (refer to Fig. 18). The pseudomorphs from this 
sample contain 18-20% plagioclase, have jagged boundaries (refer to Fig. 29), and lack 
distinctive mantle areas. Sample 207 has two pseudomorphs that are 9.0mm and 1.2 cm and 
contain 20% plagioclase. The pseudomorphs from this sample contain more sillimanite (5-
6%) than from samples 183a (0%) and 329 (2%). The mantle area has a higher concentration 
of plagioclase and biotite relative to the matrix. Matrix foliations wrap around the 
pseudomorph. Sample 329 has two small 3.0mm pseudomorphs that have distinct boundaries 
and mantle areas that are biotite- and muscovite-rich. Both  pseudomorphs contain 15% 
plagioclase and only 2% sillimanite. The matrix is composed of equant sized and highly 
foliated grains of  biotite, muscovite, plagioclase, and quartz.  
Sillimanite Plagioclase Muscovite Pseudomorphs 
        The plagioclase and sillimanite–rich pseudomorphs contain from 8-20% (+ 2%) 
plagioclase and 10-21% (+ 2%) sillimanite. Sample 172a (Fig. 33) has four pseudomorphs, 
5.0-9.0 mm, each having distinctive biotite-rich mantles that wrap around the pseudomorph 
boundaries. The sillimanite in the pseudomorphs is both fibrolitic and prismatic. Diamond-
shaped cross sections of prismatic sillimanite are concentrated in the centers of the 
pseudomorphs. The pseudomorphs contain lesser muscovite at only 50-60% because they 
contain 28-30% plagioclase and 20% sillimanite. The matrix is made of 28% biotite, 20% 
muscovite, 12% plagioclase, 24-30% quartz, 14% sillimanite, and 1-3 % ilmenite (refer to 
Table 6). Sample 167 has five 1.0mm size clusters of plagioclase within, and just outside, the 
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Fig. 32. Three composite X-ray maps of plagioclase muscovite pseudomorphs 
showing the variation in the mantles and matrix. The matrix in sample 183a is 
slightly foliated and contains 31% plagioclase, and the pseudomorph lacks a mantle. 
The matrix in sample 207 is foliated, and the mantle can just be made out as 
concentrations of plagioclase. The matrix in sample 329 is foliated, and equigranular 
with muscovite laths. Muscovite concentrations are located around the pseudomorph 
and garnet (top right).   
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Fig. 33. Sillimanite plagioclase muscovite pseudomorph from sample 172a 
containing 20% sillimanite (Sil) and 20% plagioclase (Pl). The mantle is absent of 
quartz, while the matrix contains 24% quartz (Qtz). Fibrolitic sillimanite is present in 
the pseudomorph and mantle.  
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pseudomorph (Fig 34), and is surrounded with swirling fibrolite that is best seen in a CL 
image (Fig. 35). The pseudomorphs from sample 167 lack a mantle area, and any prismatic 
sillimanite. The pseudomorphs from samples 172a and 167 have similar modal mineralogies, 
but very different textures (Fig. 36).  
Quartz Muscovite Pseudomorphs  
        Quartz-rich pseudomorphs are in samples 147 (Fig. 37), 164, 165, and 330 (Fig. 38). 
These pseudomorphs have up to 25% quartz, 55-70% muscovite, 12-17% biotite, 1-5% 
sillimanite, and only 1-2% plagioclase. Sillimanite ranges from trace-4%, and is fibrolitic. 
Sample 147 has three quartz muscovite pseudomorphs, and also has two possible biotite 
pseudomorphs. These biotite pseudomorphs share the same morphology as the muscovite 
pseudomorphs, but contain up to 65% biotite. All of the pseudomorphs range in size from 
3.0-6.0 mm. The quartz-rich muscovite pseudomorphs from sample 147 have poorly 
developed biotite-rich mantle areas. Well-formed euhedral sillimanite occurs outside the 
pseudomorph in the matrix. Only trace amounts of sillimanite are present within the 
pseudomorph. Sample 330 has two pseudomorphs, 4.0 and 8.0mm in size. The 
pseudomorphs have distinctive biotite-rich mantles and contain the most quartz (up to 25%) 
of all the quartz-rich pseudomorphs (refer to Table 6). All of the quartz muscovite 
pseudomorphs are situated in a quartz-rich matrix that contains ~30% quartz. Images of 
samples 147 and 330 are grainy compared to the other pseudomorph images because the 
SEM was set to a lower current when collecting these images.    
Electron Microprobe Analyses 
        Seven samples were analyzed to establish the mineral chemistries of muscovite, 
biotite, and plagioclase within the pseudomorph and the matrix. Biotite analyses showed that 
the compositions of the pseudomorph and matrix biotites were similar (Table 7 and Fig. 39). 
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Fig. 34. Composite X-ray map of a sillimanite plagioclase muscovite pseudomorph 
from sample 167. The pseudomorph contains 12% sillimanite and 12% plagioclase, 
and has an irregular shape. 
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Fig. 35. (a) SEM cathodoluminescence image of a sillimanite plagioclase muscovite 
pseudomorph from sample 167. Fibrolitic sillimanite (Sil) is abundant, with long red 
stringy tails that cut across from the matrix into the pseudomorph. Plagioclase (Pl) has a 
blue luminescence  (b) Backscatter electron image of the same pseudomorph in for use 
as perspective of the CL image in (a). The yellow X at the top of each image is a 
reference marker and is in the same spot for each image. Mineral labels are also in the 
same locations on each image.   
(a)
(b)
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Fig. 36. Composite X-ray maps of two  sillimanite plagioclase muscovite 
pseudomorphs showing the variation in pseudomorph and matrix textures. Sample 
172 contains 20% sillimanite and 20% plagioclase. The pseudomorph has an well-
formed ovoid shape, distinctive biotite-rich mantle area, and both fibrolitic and 
prismatic sillimanite. Sample d167 pseudomorph is irregularly shaped with no 
discernable mantle area, and contains 12% sillimanite and 12% plagioclase.
172a
167
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Fig. 37. X-ray map of quartz-rich pseudomorph and surrounding matrix containing from 
sample 147. The pseudomorph contains 67% ms, 17% bt, 0% pl, 0% sil, 12% qtz, and 1% ilm. 
matrix contains 30% quartz. 
fracture
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Fig. 38. (a) Plane light pictomicrograph of a quartz muscovite pseudomorph with a 
biotite-rich mantle from sample 330. (b) X-ray image of the same pseudomorph 
showing the 25% quartz contained within the pseudomorph and 25% in the matrix. 
The fracture is filled with epoxy. 
(b)
(a)
fracture
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Table 7. Mineral analyses of representative biotite. 
                                                                                  Biotite                                                                                                  
Sample #               147                              167                                     329                                          183a                                          164                     
pseudo pseudo mtx pseudo mtx mtx pseudo pseudo mtx mtx pseudo pseudo mtx mtx pseudo pseudo mtx mtx
SiO 2 35.17 35.37 35.19 35.66 35.39 35.63 35.92 35.89 35.64 35.35 35.19 34.98 35.36 35.44 35.08 35.17 35.03 35.04
Al2O 3 19.69 19.57 19.21 19.26 19.44 19.80 19.13 19.06 18.88 19.27 19.65 19.67 20.00 19.90 20.31 20.14 20.69 20.24
TiO 2.21 2.51 2.36 2.47 2.35 2.25 1.60 1.88 1.73 1.90 2.55 2.46 2.26 2.54 1.85 2.42 2.25 2.07
Cr2O 3 0.07 0.01 0.00 0.00 0.04 0.00 0.05 0.04 0.04 0.02 0.05 0.04 0.04 0.05 0.08 0.06 0.02 0.09
FeO 21.41 21.50 22.68 21.01 21.73 21.23 21.61 21.95 21.70 21.77 21.74 22.36 21.00 21.77 20.87 20.76 21.09 21.47
MnO 0.05 0.09 0.09 0.06 0.06 0.05 0.03 0.05 0.08 0.06 0.23 0.19 0.19 0.17 0.07 0.11 0.09 0.19
MgO 8.03 7.77 7.80 8.42 8.33 8.55 8.85 8.86 8.99 9.10 7.95 7.92 8.05 7.78 8.75 8.47 8.49 8.68
K2O 9.97 9.52 9.90 9.35 9.20 9.51 9.90 9.23 9.43 9.56 9.10 9.08 9.00 9.16 8.53 8.83 8.55 9.13
Na2O 0.30 0.35 0.24 0.30 0.32 0.34 0.19 0.16 0.27 0.18 0.15 0.19 0.26 0.19 0.23 0.27 0.31 0.27
CaO 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0.07 0.05 0.02 0.02 0.00 0.03 0.04 0.02
BaO 0.00 0.04 0.11 0.11 0.08 0.08 0.08 0.07 0.08 0.07 nd* nd nd nd nd nd nd nd
F 0.40 0.33 0.32 0.41 0.35 0.40 0.51 0.65 0.59 0.59 0.86 0.67 0.82 0.73 0.69 0.98 0.87 0.87
Cl 0.02 0.00 0.01 0.01 0.02 0.03 0.00 0.02 0.00 0.03 0.01 0.04 0.01 0.01 0.02 0.02 0.01 0.04
------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
Total 97.32 97.06 97.91 97.06 97.32 97.88 97.87 97.86 97.43 97.92 97.55 97.65 97.01 97.76 96.48 97.26 97.44 98.11
O=F, Cl 0.28 0.26 0.14 0.18 0.15 0.17 0.22 0.28 0.25 0.26 0.36 0.29 0.35 0.31 0.30 0.42 0.37 0.37
------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
---------------------- Atomic proportions based on 22 oxygens ------------------------
Si 5.748 5.775 5.637 5.645 5.548 5.583 5.579 5.554 5.588 5.489 5.413 5.414 5.381 5.466 5.295 5.352 5.343 5.418
Al (iv) 2.252 2.225 2.363 2.355 2.452 2.417 2.421 2.446 2.412 2.511 2.587 2.586 2.619 2.534 2.705 2.648 2.657 2.582
Al (vi) 1.488 1.520 1.264 1.238 1.140 1.240 1.081 1.030 1.077 1.016 0.975 1.001 0.968 1.084 0.909 0.964 1.062 1.106
Ti 0.282 0.322 0.298 0.294 0.277 0.265 0.187 0.219 0.204 0.222 0.295 0.286 0.258 0.295 0.210 0.277 0.258 0.241
Cr 0.009 0.001 0.000 0.000 0.005 0.001 0.007 0.005 0.005 0.002 0.006 0.005 0.004 0.006 0.009 0.008 0.002 0.011
Fe 2.155 2.326 2.175 2.045 2.180 2.101 2.808 2.841 2.876 2.827 2.796 2.894 2.673 2.808 2.635 2.642 2.690 2.776
Mn 0.007 0.012 0.013 0.008 0.008 0.007 0.005 0.007 0.011 0.008 0.030 0.025 0.025 0.022 0.009 0.015 0.011 0.025
Mg 1.929 1.881 1.863 1.986 1.948 1.997 2.050 2.045 2.010 2.106 1.823 1.827 1.826 1.789 1.969 1.921 1.930 2.001
K 2.050 1.972 2.024 1.889 1.840 1.901 1.963 1.823 1.887 1.895 1.786 1.793 1.747 1.802 1.643 1.714 1.664 1.801
Na 0.092 0.111 0.076 0.092 0.097 0.104 0.058 0.048 0.083 0.055 0.044 0.058 0.078 0.056 0.068 0.081 0.092 0.080
Ca 0.000 0.000 0.000 0.000 0.002 0.003 0.001 0.001 0.000 0.003 0.012 0.008 0.003 0.003 0.000 0.006 0.006 0.003
Ba 0.000 0.003 0.007 0.007 0.005 0.005 0.005 0.004 0.005 0.004 nd nd nd nd nd nd nd nd
F 0.201 0.170 0.162 0.207 0.175 0.197 0.252 0.316 0.294 0.292 0.419 0.326 0.393 0.354 0.329 0.472 0.419 0.423
Cl 0.004 0.000 0.003 0.003 0.005 0.007 0.000 0.006 0.000 0.007 0.001 0.011 0.001 0.003 0.006 0.005 0.004 0.012
O H 2.385 3.510 2.298 3.184 2.708 2.010 2.401 2.477 2.489 2.428 2.894 3.063 3.791 2.624 3.841 3.185 2.979 2.343
Anion Total 2.591 3.170 2.463 3.394 2.888 2.214 2.653 2.799 2.783 2.727 3.314 3.063 3.791 2.982 4.176 3.662 3.402 2.778
Mg/Fe 0.895 0.809 0.857 0.971 0.894 0.950 0.730 0.720 0.699 0.745 0.652 0.631 0.683 0.637 0.747 0.727 0.718 0.721
Mg/Fe+Mg 0.472 0.447 0.461 0.493 0.472 0.487 0.422 0.419 0.411 0.427 0.395 0.387 0.406 0.389 0.428 0.421 0.418 0.419
* not determined
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Fig. 39. A comparison of the pseudomorph and matrix biotite chemistries (in apfu). 
Top graph is total Al (iv) and Al (vi) sites. Bottom graph is XMg content.  
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Biotite analyses reflect an increase in Fe2+ compared to staurolite zone metapelites. The 
staurolite zone biotite contains 2.4-3.0 apfu Fe2+, while sillimanite zone biotite contains 2.6-
3.6 apfu Fe2+. This increase in Fe2+ likely reflects bulk composition variations. All of the Fe 
is assumed to be Fe2+, because of the presence of graphite in the metapelites (e.g. Dyar, 
2002), but there probably is a small amount of Fe3+ present in the octahedral site (~12% of 
Fetot). Titanium levels in the biotite are moderate and range from .258-.330 apfu. The Ti 
levels were sufficient to provide data for the Ti in biotite geothermometer used in this study. 
Both the Fe and Ti content of the pseudomorph biotite and the matrix biotite are comparable 
to 0.07 apfu.  
        Muscovite analyses also showed that the composition of the pseudomorph and matrix 
muscovite were comparable (Table 8 and Fig. 40). Both pseudomorph and matrix muscovite 
have a small and comparable amount of Na substitution for K (paragonite content), ranging 
from 0.21-0.34 apfu. Variation between pseudomorph and matrix muscovite Fe content is < 
0.09 apfu. All of the samples had slightly higher Fe2+ content (0.116-0.132 apfu) than the 
Fe2+ content (0.094-0.121apfu) staurolite zone metapelites from the Farmington quadrangle 
analyzed by Dutrow (1985). The Fetot values in the muscovite and biotite are comparable to 
other values for sillimanite zone metapelites of the Rangeley Quadrangle (Guidotti, 1973, 
1974).  
        Feldspar grains within the pseudomorphs of most samples are generally Na-rich 
plagioclase, Ab 63.0-96.0 (albite-oligoclase) (Table 9 and Fig. 41). The matrix in sample 167 
has an An19.1-23.1 content, and the matrix in sample 329 is An31.1-35.6, which are the highest 
amounts of Ca present in either the matrix or pseudomorph for all the samples. The only 
sample that displays chemical heterogeneity within single grains is 147. Sample 147 contains 
feldspar grains that have both albite plagioclase and K-feldspar within the same grain. Spot 
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Table 8. Mineral analyses of representative muscovite. 
                                                               Muscovite                                                                          
Sample  #                      147                                             164                                     329               
pseudo pseudo mtx mtx pseudo pseudo mtx mtx pseudo pseudo mtx
SiO 2 46.20 46.33 46.89 47.84 46.24 46.37 46.75 46.53 47.06 45.73 47.18
Al2O 3 37.12 36.58 36.62 37.43 36.61 36.22 36.36 36.09 37.22 36.65 36.36
TiO 0.69 0.82 0.59 0.89 1.05 0.83 0.80 1.00 0.42 0.61 0.92
Cr2O 3 0.03 0.00 0.01 0.02 0.03 0.00 0.01 0.03 0.04 0.08 0.01
FeO 1.08 1.08 1.17 1.00 1.06 1.15 1.51 1.06 1.12 1.16 1.16
MnO 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00
MgO 0.47 0.49 0.47 0.52 0.47 0.54 0.64 0.60 0.54 0.56 0.59
K2O 10.05 9.57 10.17 7.85 9.74 10.06 8.98 9.29 10.09 9.99 10.11
Na2O 1.16 0.92 1.23 1.12 0.84 0.95 1.08 1.19 0.78 0.64 0.75
CaO 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01
BaO 0.13 0.15 0.12 0.16 0.22 0.25 0.23 0.19 0.30 0.28 0.28
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.01 0.01 0.01 0.01 0.03 0.00 0.01 0.02 0.01
------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
Total 96.94 95.94 97.29 96.84 96.27 96.39 96.41 95.99 97.58 95.74 97.38
O=F, Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
---------------------- Atomic proportions based on 22 oxygens ------------------------
Si 6.175 6.151 6.291 6.325 6.167 6.228 6.594 6.179 6.355 6.082 6.364
Al (iv) 1.825 1.849 1.709 1.675 1.833 1.642 1.406 1.821 1.645 1.918 1.636
Al (vi) 3.922 3.875 4.240 4.157 3.921 4.102 4.090 3.827 4.279 3.828 4.143
Ti 0.069 0.082 0.059 0.089 0.105 0.084 0.081 0.100 0.043 0.061 0.093
Cr 0.003 0.000 0.001 0.002 0.004 0.000 0.001 0.003 0.005 0.008 0.001
Fe 0.121 0.120 0.121 0.111 0.118 0.129 0.171 0.117 0.127 0.129 0.130
Mn 0.003 0.000 0.000 0.000 0.000 0.001 0.002 0.001 0.000 0.001 0.000
Mg 0.093 0.098 0.102 0.102 0.094 0.109 0.130 0.118 0.109 0.110 0.118
K 1.713 1.622 1.644 1.324 1.657 1.723 1.550 1.574 1.738 1.695 1.740
Na 0.300 0.236 0.206 0.286 0.217 0.247 0.283 0.306 0.204 0.165 0.197
Ca 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.002 0.002
Ba 0.007 0.008 0.009 0.008 0.012 0.013 0.012 0.010 0.016 0.015 0.015
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cl 0.000 0.000 0.003 0.002 0.002 0.002 0.006 0.000 0.001 0.004 0.003
O H 3.060 4.060 2.710 3.160 3.730 3.610 3.590 4.010 2.420 4.260 2.620
Anion Total 3.316 3.586 2.433 2.787 3.316 2.920 1.445 3.557 2.174 3.793 2.365
Na/K+Na 0.149 0.127 0.111 0.178 0.116 0.125 0.154 0.163 0.105 0.089 0.102
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Fig. 40. A comparison of the pseudomorph and matrix muscovite chemistries (in
apfu). Top graph is total Al (iv) and Al (vi) sites. Bottom graph is paragonite 
content.  
0.10
0.11
0.12
0.13
0.08 0.1 0.12 0.14 0.16 0.18 0.2
Na/ Na+K
Ps
eu
do
m
or
ph
  (
N
a/
(N
a+
K
))
Ps
eu
do
m
or
ph
 (A
l t
ot
)
Matrix (Altot) 
Matrix (Na/ (Na+K))
75
Table 9. Mineral analyses of representative plagioclase.
                                                                                                      Plagioclase                                                                                                      
Sample  #                      147                                              167                                           330                                           329                     
pseudo pseudo mtx mtx pseudo pseudo mtx mtx pseudo pseudo mtx mtx pseudo pseudo mtx mtx 
SiO 2 66.02 67.28 66.33 68.20 62.51 62.87 62.88 63.06 65.06 64.56 64.80 64.69 60.76 59.39 59.77 60.26
Al2O 3 20.67 20.65 21.02 19.84 23.80 23.75 23.74 23.42 21.85 21.82 21.95 21.74 24.79 25.63 25.15 25.00
Na2O 10.96 11.33 10.79 11.59 9.02 8.96 8.94 9.43 10.01 10.22 10.18 9.83 7.93 7.37 7.60 7.85
CaO 1.46 1.09 1.50 0.44 4.92 4.75 4.85 4.04 2.79 2.88 2.86 2.79 6.53 7.43 6.87 6.50
K2O 0.05 0.05 0.06 0.02 0.06 0.06 0.05 0.05 0.04 0.05 0.03 0.03 0.07 0.08 0.09 0.10
BaO 0.04 0.03 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
Total 99.20 100.43 99.70 100.10 100.31 100.40 100.46 100.00 99.76 99.53 99.83 99.08 100.08 99.90 99.48 99.71
------------------------ Atomic proportions based on 8 oxygens --------------------------
Si 2.921 2.937 2.917 2.978 2.761 2.770 2.770 2.796 2.868 2.858 2.858 2.870 2.699 2.651 2.675 2.688
Al 1.078 1.062 1.089 1.021 1.239 1.233 1.232 1.206 1.135 1.138 1.141 1.137 1.298 1.348 1.326 1.314
Na 0.940 0.959 0.920 0.981 0.772 0.766 0.763 0.799 0.856 0.877 0.871 0.845 0.683 0.638 0.659 0.679
Ca 0.069 0.051 0.071 0.021 0.233 0.224 0.229 0.189 0.132 0.137 0.135 0.133 0.311 0.355 0.329 0.311
K 0.003 0.003 0.003 0.001 0.003 0.003 0.003 0.003 0.002 0.003 0.002 0.002 0.004 0.004 0.005 0.006
Ba 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Albite 92.84 94.66 92.54 97.79 76.60 77.08 76.70 80.63 86.43 86.26 86.40 86.29 68.44 63.93 66.36 68.20
Anorthite 6.82 5.03 7.11 2.06 23.09 22.58 22.99 19.09 13.31 13.46 13.43 13.53 31.14 35.62 33.15 31.20
Orthoclase 0.29 0.26 0.35 0.13 0.31 0.33 0.30 0.28 0.24 0.28 0.15 0.18 0.41 0.45 0.49 0.50
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Table 9 (continued).
                                                                  Plagioclase                                                                  
Sample #                       183a                                  172a                                      164                  
pseudo pseudo mtx mtx pseudo pseudo mtx pseudo pseudo mtx mtx 
SiO 2 65.48 65.06 64.55 64.51 63.11 62.28 61.28 60.20 60.68 59.60 60.84
Al2O 3 21.66 21.77 21.92 22.17 23.13 23.42 24.16 25.03 24.89 25.07 24.56
Na2O 10.34 10.17 10.22 9.76 9.04 8.79 8.37 8.01 7.42 7.73 8.20
CaO 2.31 2.63 2.85 3.12 4.30 4.59 5.77 6.37 6.49 6.69 5.72
K2O 0.03 0.07 0.05 0.08 0.07 0.08 0.05 0.06 0.06 0.06 0.07
BaO 0.00 0.02 0.04 0.04 0.00 0.00 0.00 0.00 0.02 0.03 0.00
------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
Total 99.82 99.72 99.63 99.68 99.65 99.16 99.63 99.67 99.56 99.18 99.39
------------------------ Atomic proportions based on 8 oxygens --------------------------
Si 2.882 2.870 2.855 2.849 2.797 2.776 2.795 2.686 2.689 2.675 2.716
Al 1.123 1.132 1.143 1.158 1.208 1.231 1.283 1.316 1.322 1.326 1.292
Na 0.882 0.870 0.876 0.839 0.777 0.731 0.731 0.693 0.648 0.673 0.710
Ca 0.109 0.124 0.135 0.148 0.204 0.278 0.278 0.305 0.313 0.322 0.274
K 0.002 0.004 0.003 0.005 0.040 0.003 0.003 0.003 0.004 0.003 0.004
Ba 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Albite 88.83 87.1 86.34 84.54 78.87 77.27 72.22 69.25 67.15 67.38 71.87
Anorthite 10.99 12.46 13.3 14.93 20.73 22.3 27.51 30.43 32.45 32.23 27.71
Orthoclase 0.18 0.4 0.3 0.46 0.4 0.44 0.26 0.32 0.37 0.35 0.42
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Fig. 41. A comparison of the pseudomorph and matrix plagioclase chemistries (apfu). 
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analyses from the center of the grain are albitic; those close to the edge were potassic. The 
areas of potassic feldspar were also visible in backscatter electron images of these grains. 
The areas were irregularly spaced circular blebs along the grain boundaries, rather than a 
composition change around the entire inside perimeter of the grain. The blebs are most likely 
formed from the exsolution of the two compositions.     
        Spot traverse analyses of quartz grains from quartz muscovite pseudomorphs were 
used to detect trace amounts of titanium and aluminum. Both Al and Ti were detected. 
Aluminum was the most abundant with amounts ranging from ~200 ppm near the rims, and 
~100 ppm toward the centers of the grains. Ti levels did not show large variations, and were 
from 44 ppm at the rim to 27 ppm at the core. These amounts are at the 10 ppm detection 
limits for Ti of the machine.      
        For each sample, the mineral chemistries of the matrix biotite, muscovite, and 
plagioclase are similar to the mineral chemistries of the pseudomorph biotite, muscovite, and 
plagioclase. This chemical equivalence is seen in the mineral composition graphs in which 
pseudomorph and matrix compositions plot along a 1:1 slope. Therefore, the minerals 
demonstrate a close approach to chemical equilibrium, which allows for the use of 
irreversible thermodynamic models in the textural modeling program SEG 93.  
Cathodoluminescence  
       In color enhanced cathodoluminescent (SEM CL) images, plagioclase has a light blue 
to green luminescence, quartz has a deep blue luminescence, and sillimanite is bright red. 
Fe2+ in muscovite and biotite quench the CL signal such that these minerals are black in all 
images. Apatite produced a strong and distinctive bright lime-green luminescence in all of 
the samples due to the presence of Mn2+ (Marshall, 1988). All of the pseudomorphs contain 
apatite (Ca5(PO4)3(F,CL,OH)). The matrices from all of the thin section samples contain 
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more modal apatite in the matrix than the pseudomorphs. The strong luminescence and 
phosphorescence, coupled with the rastering of the electron beam over the sample, created 
apatite CL images with long green tracers of light coming from one side of each grain (Fig. 
42). Bright red luminescence of sillimanite in the samples enhanced details from fibrolitic 
mats and growth zoning in prismatic forms. Small thin fibrous sillimanite grains are inside 
plagioclase grains of plagioclase-rich and sillimanite-poor rocks. 
        The CL image of the plagioclase-rich pseudomorph sample 183a (Fig. 43; and refer to 
Fig. 20) shows an abundance of light blue luminescent plagioclase within the pseudomorph 
and surrounding matrix. No quartz was observed inside the pseudomorph, and small 
individual needle-like grains of sillimanite (not fibrolite mats) were restricted to the mantle 
area outside the pseudomorph. Plagioclase is also more abundant in the matrix than the 
pseudomorph. In samples 172a, 164, and 238, blue-luminescent plagioclase grains transition 
to a green luminescence along the edges. SEM EDS spectra taken from these areas of green 
luminescence is the only evidence collected to suggest an epidote alteration because of the 
presence of the elements Ca, Al, Fe, and Si. Epidote alterations along plagioclase edges (i.e. 
saussuritization of the plagioclase) could be an indicator of minor hydrothermal alteration.  
        CL images taken of the pseudomorphs in the quartz muscovite samples (147, 330) 
also show that sillimanite is more abundant within the matrix (3-19%) than the 
pseudomorphs (1-5%); samples with more sillimanite in the matrix (19%), have more 
sillimanite in the pseudomorphs (5%). Sillimanite crystals are observed as fibrolitic needles 
in both the matrix and pseudomorphs, and as coarse clusters in the matrix (Fig. 44).  
  In contrast, the CL images from the plagioclase and sillimanite-rich pseudomorph 
sample 172a (Fig. 45) show an abundance of red luminescent sillimanite, seen as fibrolite 
throughout the pseudomorph and mantle area, and as sillimanite crystals in the interior of the 
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Fig. 42. SEM Cathodoluminescence image of apatite (Ap) tracers. Strong apatite 
luminescence produces long bright green tracers in sample 147 due to phosphorescence. 
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Fig. 43. A SEM cathodoluminescence image of a plagioclase muscovite 
pseudomorph from sample 183a. Plagioclase (Pl) is blue, small red acicular 
grains of sillimanite are within the plagioclase, and apatite (Ap) is bright green.   
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Fig. 44. Coarse sillimanite cluster in the matrix of a quartz 
muscovite pseudomorph in sample 147. (a) Composite X-ray map 
of sample 147. The yellow box outlines the area of a sillimanite
cluster. (b) Cathodoluminescence image of the sillimanite cluster 
outlined by the box in the X-ray map.  
CL
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Fig. 45. CL image from sample 172a of a sillimanite plagioclase muscovite pseudomorph. 
The plagioclase (Pl) is blue, apatite (Ap) is green, and the fibrolitic sillimanite (Sil) that 
wraps around and penetrates the pseudomorph is red. Coarse diamond-shaped sillimanite 
is present in the center of the pseudomorph. Backscatter electron image (BEI) of the same 
172a pseudomorph is in the upper left.
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CL 172a
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Ms Pl
84
  
pseudomorph. These crystals display sharp and complex oscillatory zoning patterns that 
closely follow the diamond shape (parallel to the c-axis) of the crystals. 
        Quartz from quartz-rich pseudomorphs displays zoning as seen by a change in color 
from center to rim. The quartz in sample 164 luminesces with red rims and dark blue cores in 
the center of the pseudomorph (Fig 46), and luminesces with blue rims and dark blue cores in 
the mantle area (Fig. 47). Because CL zoning can be related to trace element distribution, six 
quartz grains that show CL zoning were selected for spot traverse analysis with the electron 
microprobe to determine trace element amounts. Both Al and Ti were detected. Aluminum 
was the most abundant (~200 ppm at the rims and ~100 ppm in centers) (Figs. 48, 49, and 
50). Al is known to cause luminescence within quartz at a wavelength emission of 390 nm 
(deep blue) (Gotze, 1996). The Al amounts present are the most probable cause of the 
luminescence in the quartz rather than its role as an activator element. An abundance of Al 
causes defects in the quartz structure, because of its size difference, as it replaces the Si in the 
Si-O tetrahedron of the quartz structure. This structural defect can trigger luminescence (e.g. 
Holness, 2001). Ti levels did not show significant variations (44 ppm at the rim to 27 ppm at 
the core). These amounts are at the detection limits of the machine. Ti as an activator element 
is known to cause strong blue luminescence in quartz, but the levels detected are probably 
not enough to cause the luminescence in the quartz grains.  
Geothermometry 
      The average temperature calculated using the biotite from the pseudomorphs and 
matrix is 623 + 28oC (Table 10). The temperatures calculated from the samples seem to 
correlate to the sample location within the sillimanite zone of the Farmington Quadrangle. 
The highest temperature, 650 + 10oC, was determined from the pseudomorph biotite of 
sample 183a. This sample comes from the southern edge of the Farmington Quadrangle, 
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Fig. 46. Quartz (Qtz) in the center of the muscovite pseudomorph from sample 164 
luminesces with red rims and dark blue cores. The muscovite does not luminesce, and 
is black in the image. 
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Fig. 47. (a) Photomicrograph (plane light) of quartz (Qtz) and biotite (Bt) mantle 
around a quartz muscovite pseudomorph in sample 164. (b) Cathodoluminescent image 
of the same quartz area as the photomicrograph above. Zoning in quartz grains is seen 
as change in luminescence from dark blue core to true blue rims.
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Fig. 48. Spot traverse analyses of a quartz grain obtained with the 
scanning electron microprobe for Al and Ti. Line of traverse is seen in 
the SEM CL image at the top of the page. The Al graph (top) shows 
trends of increase toward grain boundaries, but Ti graph (bottom) does 
not show a distinctive trend.  
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Fig. 49. Spot traverse analyses of a quartz grain obtained with the 
scanning electron microprobe for Al and Ti. Line of traverse is seen in 
the SEM CL image at the top of the page. The Al graph (top) does
have a slight trend of increasing Al toward grain boundary, but it is 
not a strong trend. The Ti graph (bottom) does not show a distinctive 
trend. Points below 10ppm were not used in the Ti graph.   
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Fig. 50. Spot traverse analyses of a quartz grain obtained with the 
scanning electron microprobe for Al and Ti. Line of traverse is seen in 
the SEM CL image at the top of the page. The Al graph (top) does
have a trend of increasing Al toward lighter blue luminescent grain 
boundary. The Ti graph (bottom) does not show a distinctive trend. 
Points below 10ppm were not used in the Ti graph.   
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Sample Ti XMg T
0C Average sd**
183a ps* 0.299 0.392 647 650 10
0.332 0.39 664
0.295 0.395 645
0.286 0.387 638
0.314 0.387 654
183a mtx 0.258 0.406 622 633 16
0.295 0.389 644
329 ps 0.187 0.422 559 580 21
0.192 0.423 565
0.233 0.409 603
0.219 0.419 593
329mtx 0.222 0.427 597 587 14
0.204 0.414 577
167 ps 0.303 0.408 651 643 8
0.304 0.389 649
0.294 0.395 644
0.283 0.406 639
0.271 0.4 630
167 mtx 0.277 0.395 634 638 12
0.302 0.41 651
0.265 0.41 628
164 ps 0.258 0.423 625 616 27
0.21 0.428 586
0.277 0.421 638
164mtx 0.258 0.418 624 615 8
0.237 0.423 609
0.241 0.419 612
Average T0C 623 + 280C 
*ps=pseudomorph, mtx=matrix
** standard deviation
Table. 10. Ti-in-biotite geothermometer (Henry et al., 2005)
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which is well inside the upper sillimanite zone. The lowest temperature, 580 + 21oC,  was 
determined from the biotite inside pseudomorph sample 329. Sample 329 is located within 
the sillimanite zone at the staurolite zone/ sillimanite zone boundary (refer to sample location 
map, Fig. 10). This temperature matches the 580 + 25 oC temperature previously calculated 
by Holdaway, et al. (1988) with garnet-biotite geothermometry.     
Textural Modeling  
        Using mineral chemistries and mineral modes that were calculated for the 
pseudomorph and matrix, thermodynamic models of mineral textures were used to determine 
the mass transport and likely reaction mechanisms responsible for muscovite pseudomorph 
formation under conditions of local equilibrium. The program was used to model each of the 
four pseudomorphs types: muscovite-rich, plagioclase muscovite, sillimanite plagioclase 
muscovite, and quartz muscovite. Because the pseudomorphs are after staurolite, the model 
begins with a staurolite containing quartz inclusions set in the observed biotite + muscovite + 
quartz + plagioclase + ilmenite matrix composition for the pseudomorph type being modeled. 
The percentage of quartz included in the poikiloblastic staurolite (29% quartz ) was 
predetermined in the program, but this initial staurolite was used because these staurolite 
compositions are observed within staurolite zone of the Farmington Quadrangle. This ratio 
was only changed when modeling the quartz muscovite pseudomorphs (described 
subsequently).   
        In a closed system, staurolite reacts with the matrix to form a muscovite-rich 
pseudomorph with a biotite and plagioclase mantle by the net reaction: 
1.0 St + 4.48 Qtz ? 1.92 Ms + 0.44 Bt  + 3.22 Pl 
The amount of quartz contained in the staurolite is not sufficient for the reaction to go to 
completion; therefore silica must diffuse in along grain boundaries from the matrix directly 
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around the developing pseudomorph. This results in a biotite-plagioclase-rich mantle 
surrounding the pseudomorph. Each pseudomorph type was modeled in this way. The results 
for each pseudomorph type are described below, and the observed thin section mineral modes 
versus calculated mineral modes for each pseudomorph type are listed in Table 11. Refer to 
Table 4 for the mineral chemistries, and Figure 8 for the modal amounts used in the 
calculations.  
Muscovite-Rich Pseudomorphs 
        Muscovite-rich pseudomorphs that contain >70% muscovite were used as a reference 
case for muscovite pseudomorph development because they have been thoroughly 
documented by Foster (1977, 1981, 1982). Muscovite-rich pseudomorph textures have been 
successfully reproduced using the Seg 93 program for a closed system environment (Foster, 
1993, and 1999). Staurolite containing 29% quartz inclusions reacts in a 32% biotite, 26% 
muscovite, 31% quartz, 8% plagioclase, and 1% ilmenite matrix by the reaction:  
1.0 St + 5.4 Qtz ? 3.4 Ms + 0.7 Bt + 0.5 Pl  + 0.5 Ilm 
The resultant pseudomorph contains 71% muscovite, 16% biotite, 5% plagioclase, and 6% 
ilmenite, surrounded by a mantle area composed of 37% biotite, 33% plagioclase, and 28% 
muscovite (Fig 51). These calculated pseudomorphs modes closely match the observed 
pseudomorph mineral modes from thin section samples 200a, 236, and 183 that contain 
muscovite-rich pseudomorphs, whose modes range between are 70-80% muscovite, 7-10% 
biotite, 0-5% plagioclase, and 1-5% ilmenite. Although the mantle area produced by the 
model did not as closely match observed mantle modes; the model shows that the muscovite-
rich pseudomorphs formed in a closed system.  
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Table 11. Comparison of the average observed (obs) mineral modes and Seg 93 
calculated mineral modes 
Ms- rich Pl Ms    Qtz Ms Sil-Pl-Ms
Pseudo obs SEG 93 obs SEG 93 obs SEG 93 obs SEG  (1)* SEG (2)
ms 74 71 63 54 66 76 50 0 0
bt 10 16 7 18 14 8 8 76 31
pl 4 5 19 20 2 2 20 13 0
sil 4 0 3 0 0 0 21 10 68
qtz 5 2 4 0 16 12 2 11 0
ilm 2 6 3 6 1 0 1 0 0
Mantle 
ms 20 28 12 20 15 6 15 0
bt 50 37 37 40 50 68 32 33
pl 20 33 47 38 3 4 12 12
sil 2 0 0 0 3 0 15 23
qtz 9 0 3 0 30 20 25 28
ilm 0 0 0 0 2 0 1 1
    (Calculated using relative diffusion coefficients) 
* the pseudomoprh produced conatined two areas: (1) denotes the outer area, and (2) denotes the core
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Fig 51. (a) Stylized representation of the muscovite-rich 
pseudomorph modes as calculated by the SEG 93 texture modeling 
program in a closed system. A staurolite included with 29% quartz is 
situated in a matrix mode of 32% biotite, 26% muscovite, 31% 
quartz, 8% plagioclase, and 1% ilmenite. (b) Composite X-ray image 
of sample 200a showing that the  Seg 93 model pseudomorph modes 
closely match the observed muscovite-rich (>70% ms) pseudomorph 
modes from sample 200a. 
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Muscovite-Rich
Pseudomorph
Biotite-Plagioclase-rich Mantle
71% ms
16% bt
5% pl
2% qtz
0% sil
37% bt, 28% ms, 33% pl, 0 % sil, 0% qtz 
Matrix
32% bt
26% ms
31% qtz
8% pl
1% ilm  
71% Staurolite
29% Quartz
Pseudo
70% ms
8% bt
6% pl
1% qtz
4% sil
(a)
(b) 200a
Mantle
20% ms
50% bt
20%pl
9% qtz
2% sil
Sample 200a
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Plagioclase Muscovite Pseudomorphs 
        In contrast the plagioclase muscovite pseudomorphs could not be reproduced in a 
closed system. The plagioclase-rich pseudomorphs are observed to contain 15-22% 
plagioclase, and 0-5% sillimanite. To reproduce observed mineral textures, the relative 
diffusion coefficient (dimensionless) for Na+ must be increased from 1.0 to 6.0 and the 
relative diffusion coefficient for Al3+ must increase from 6.0 to 7.0 in the reaction. The 
values were chosen from regular increase in the relative diffusion coefficients until the 
observed 22% modal amount plagioclase was produced. This simulates an infiltrating fluid 
involvement when a poikiloblastic staurolite with 29% quartz breaks down in a metapelite 
matrix containing 26% biotite, 19% muscovite, 17% plagioclase, 25% quartz, and 3% 
ilmenite. The result is a muscovite pseudomorph containing 54% muscovite, 18% biotite, 
20% plagioclase, and 6% ilmenite surrounded by a mantle made of 31% biotite, 10% 
muscovite, 55% plagioclase, and 2% ilmenite (Fig. 52). Comparisons with mineral 
observations of plagioclase-rich pseudomorphs from samples 207, 329, and 183a show that 
these calculated pseudomorph modes are similar, but the mantle areas are different by ~10%.  
        The initial staurolite was then put in a matrix of 40% plagioclase, 25% biotite, 24% 
muscovite, 9% quartz, and 1% ilmenite in a closed system. The resultant pseudomorph has 
the modal composition of 85% muscovite, 7% biotite, and 6% ilmenite. Then increasing 
amounts of plagioclase was added to the matrix until the plagioclase was raised to 60%, and 
the result pseudomorph was composed of 18% biotite, 56% muscovite, 19% plagioclase, and 
6% ilmenite. The initial staurolite was put in these SEG 93 matrix compositions with 
increasing amounts of plagioclase to test if the amount of plagioclase in the matrix affects the 
amount of plagioclase in the pseudomorph. The models produced show that a muscovite-rich 
pseudomorph forms in a pelitic matrix containing < 40% plagioclase, and a plagioclase 
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Fig 52. (a) Stylized representation of the plagioclase muscovite
pseudomorph modes as calculated by SEG 93 in an open system. A 
staurolite included with 29% quartz is situated in a matrix mode of 
26% biotite, 19% muscovite, 17% plagioclase, 25% quartz, and 3% 
ilmenite (b) Composite X-ray map of a plagioclase muscovite 
pseudomorph from sample 207. Observed plagioclase muscovite 
pseudomorph modes match the SEG 93 calculated pseudomorph 
modes in the model, but the mantle area modes are not as close. 
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20% ms, 40% bt, 38% pl, 0% sil, 3% qtz 
Plagioclase Muscovite 
Pseudomorph
53% ms
3% bt
22% pl
4% qtz
0% sil
Mantle
Net Rxn:
1.0 St + 6.4 Qtz ? .7 Bt + 1.1 Ms + .8 Pl  + .5 Ilm
71% Staurolite
29% Quartz
Matrix
26% bt
19% ms
25% qtz
17% pl
3% ilm  
Na+ Al+3
Pseudo
58% ms
8% bt
22% pl
6% qtz
5% sil
(a)
(b) 207
Mantle
22% ms
20% bt
17% pl
15% qtz
0% sil
Sample 207
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muscovite pseudomorph forms in a pelitic matrix containing > 40% plagioclase. Samples of 
plagioclase muscovite pseudomorphs are observed to be in pelitic matrices that contain 
between 13-31% plagioclase. This amount of plagioclase is insufficient to form abundant 
plagioclase within the pseudomorph. The textural modeling suggests that the plagioclase 
muscovite pseudomorphs in the samples formed with the influence of fluids bringing in Na 
and Al into the system.   
Sillimanite Plagioclase Muscovite Pseudomorphs 
        Sillimanite plagioclase muscovite pseudomorphs contain 12-20% plagioclase and up 
to 20% sillimanite. In the model reproduction, poikiloblastic staurolite containing 29% quartz 
is set in a 28% biotite, 20% muscovite, 24% quartz, 14% sillimanite, 12% plagioclase, and 
1% ilmenite matrix. In an attempt to match observed modes, the relative diffusion coefficient 
for Na+ is raised from 1.0 to 12.0, and Al3+ is raised from 5.0 to 7.0. The resultant 
pseudomorph has two areas: a 72% biotite, 13% plagioclase, and 10% sillimanite area 
surrounding a 31% biotite and 68% sillimanite core (Fig. 53). The thick mantle area 
surrounding the entire pseudomorph is 33% biotite, 12% plagioclase, 23% sillimanite, 28% 
quartz, and 1% ilmenite. The introduction of sillimanite into the model parameters caused the 
production of 72% biotite and 10% sillimanite surrounding a core of 68% sillimanite and 
31% biotite. This is much more biotite and sillimanite than is observed in the sillimanite 
plagioclase muscovite pseudomorphs. The outer area of the pseudomorph is more like the 
observed modes than the biotite and sillimanite core. The final muscovite amount inside the 
pseudomorph was zero modal percent; this is far from the 50% observed to exist within the 
pseudomorphs. The observed mineral modes for the sillimanite plagioclase muscovite 
pseudomorphs could not be reproduced in a closed or open system for a one-stage fluid 
infiltration event.  
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Fig 53. (a) Stylized representation of the sillimanite plagioclase 
muscovite pseudomorph as calculated by SEG 93 in an open system.
A staurolite included with 29% quartz is situated in a matrix mode of 
28% biotite, 20% muscovite, 24% quartz, 14% sillimanite, 12% 
plagioclase, and 1% ilmenite. The pseudomorph produced had two 
parts: a core of 31% biotite and 68% sillimanite, and an outer area of  
72% biotite, 13% plagioclase, and 10% sillimanite. (b) These modes 
did not match observed sillimanite plagioclase muscovite 
pseudomorph containing 20% sillimanite, 20% plagioclase, and 6% 
biotite, as shown in the X-ray map of sample 172a.   
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Mantle
71% Staurolite
29% Quartz
Pseudomorph
72% bt, 13% pl, and 10% sil
68% sil
31% bt
Calculated Pseudomorph Modes Did Not Match Observed
Matrix
28% bt
20% ms
24% qtz
14% sil
12% pl
1% ilm  
Na+ Al+3
172a(b)
(a)
Pseudo
50% ms
8% bt
20% pl
4% qtz
21% sil
Mantle
5% ms
42% bt
12% pl
25% qtz
15% sil
Sample 172a
15% ms, 33% bt, 12% pl, 28% qtz, 23% sil
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Quartz Muscovite Pseudomorphs  
            The quartz muscovite pseudomorphs contain 12-25 % quartz. The initial staurolite 
was put into the biotite- and quartz-rich matrix observed to contain quartz muscovite 
pseudomorphs: 37% biotite, 24% muscovite, 31% quartz, 5% plagioclase, and 1% ilmenite. 
The observed pseudomorph modes could not be produced with the program in a closed 
system. The amount of quartz was then increased inn the matrix to 45% to test the effects of 
a quartz-rich host rock on pseudomorph production. The observed modes were not produced.      
            Silica was then increased in the model, opening the system. The relative diffusion 
coefficient for silica was increased from 5.0 to 8.0 in the model, and the resultant 
pseudomorph contained 90% muscovite. To successfully reproduce the observed modes, the 
model required an increase in the poikiloblastic quartz within the initial staurolite (from 
10.69 cm3 to 16.89 cm3), and introducing additional silica into the system by increasing 
relative diffusion coefficient for Si4+ from 5.0 to 10.0. With this combination of conditions, 
the staurolite reacted in a 37% biotite, 24% muscovite, 31% quartz, 5% plagioclase, and 1% 
ilmenite matrix to produce a pseudomorph containing 76% muscovite, 8% biotite, 12% 
quartz, and 2% plagioclase (Fig. 54). One pseudomorph is observed to contain 25% quartz; 
but the model does not recreate this amount of quartz in a pseudomorph. However, the model 
does indicate that the quartz muscovite pseudomorph can be produced when both (1) the 
initial staurolite is quartz-rich, and (2) the system is open to fluids carrying silica. 
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Fig 54. (a) Stylized representation of the quartz muscovite 
pseudomorph as calculated by SEG 93 in an open system. A staurolite 
included with 40% quartz is situated in a matrix mode of 37% biotite, 
24% muscovite, 31% quartz, 5% plagioclase, and 1% ilmenite. The 
model required an increase of the quartz inclusions inside the initial 
staurolite, and introducing additional silica into the pseudomorph 
system. (b) Composite X-ray map of sample 147 showing that the 
observed sample 147 quartz muscovite pseudomorph are comparable 
to SEG 93 calculated modes. A biotite-rich mantle is also present in 
both observed and calculated quartz-rich pseudomorphs.  
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DISCUSSION 
        The muscovite pseudomorphs after staurolite are interpreted to be prograde because 
(1) the samples are from the sillimanite zone of the Farmington Quadrangle which is an area 
proved to be of increasing grade (e.g., Holdaway et al., 1982, 1988; Guidotti and Holdaway, 
1993; Guidotti et al., 1996; and Dutrow, 1985) (refer to sample location map, Fig.10); and (2) 
the pseudomorphs are composed of large, coarse, and randomly oriented muscovite grains. In 
contrast, retrograde staurolite pseudomorphs do not occur with sillimanite and are composed 
of the lower temperature mineral assemblage of very fine-grained chlorite and muscovite.   
      Pelitic schists located in the staurolite zone (refer to isograd map, Fig. 2) contain large 
1.0-2.0 cm sub-euhedral poikilitic staurolite. At progressively higher grades, the fabric of the 
rock coarsens, schistosity increases, and chlorite disappears (e.g., Guidotti, 2002). Matrix 
foliation and crenulations wrap around the staurolite. The first appearance of sillimanite is 
mapped as the lower sillimanite isograd (refer to Fig. 2). Muscovite replacement of staurolite 
becomes more prominent approaching the sillimanite zone. The growth of pseudomorphs 
begins when staurolite becomes unstable, concurrent with the nucleation and growth of 
sillimanite. Increasing temperatures trigger the breakdown of staurolite in a biotite, 
muscovite, quartz, plagioclase, and ilmenite matrix by the whole rock net reaction (after 
Holdaway, 1988; Foster, 1999):  
        Fe3-4Al18Si8O48H2-4 + KAl2AlSi3O10(OH)2 + SiO2  =  Al2SiO5 + KFe3AlSi3O10(OH)2  +  Fe3Al2Si3O12 + H2O 
              Staurolite                Muscovite         Quartz   Sillimanite       Biotite                  Garnet         Fluid                     
 
As sillimanite is growing, staurolite is reacting away. This staurolite breakdown occurs by a 
cation-exchange reaction mechanism between microscopic (local) domains of the rock and is 
controlled by chemical reactions and diffusional material transport across grain boundaries 
(Foster, 1981). Potassium released by the reacting muscovite goes to the growing biotite in 
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the matrix, and to the muscovite grains that are growing around the reacting staurolite (Fig. 
55). The staurolite is replaced by the muscovite via a two part local reaction (as described by 
Foster, 1999): 
       1.0 St ? 2.01 Ms 
       15.4 Qtz + 0.09 Ms ? 0.44 Bt + 3.22 Pl   
To balance the reaction, components diffuse in from the matrix. And, if the quartz 
poikiloblasts within the staurolite are not sufficient for the reaction to go to completion, 
quartz diffuses in from the matrix around the reacting staurolite, allowing for a biotite-
plagioclase-rich mantle to form around the muscovite pseudomorph. Ultimately, the 
staurolite is completely replaced by large muscovite plates of random orientation and high 
angles to the matrix foliation. Replacement of the staurolite by muscovite was post-tectonic 
because the pseudomorph muscovite grains are at random orientations to the foliation.  
        The Farmington metapelites display a local equilibrium. Electron microprobe 
analyses show that the mineral chemistries of biotite (see Fig 39), muscovite (see Fig 40), 
and plagioclase (see Fig 41) within the matrix are comparable to the mineral chemistries 
within the pseudomorphs. These results indicate a close approach to chemical equilibrium, 
which made the use of the irreversible thermodynamic approach with the quantitative textural 
modeling possible. 
          Prograde muscovite pseudomorphs after staurolite are also located in the sillimanite 
zone of the adjacent Rangeley-Oquossoc area (refer to metamorphic map, Fig. 2); and have 
been well documented by Guidotti (1968, 1970, 1974) and Foster (1977, 1981, 1982). The 
Rangeley-Oquossoc pseudomorphs are found in compositionally similar metapelites in a 
matrix of biotite, muscovite, quartz, plagioclase, and ilmenite. Here, the muscovite 
pseudomorphs are composed of 60-70% muscovite, 10-15% biotite, 3% plagioclase, 3-5% 
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Fig. 55. Photomicrograph (cross-polars) of a staurolite in the process of being 
replaced with large muscovite laths. Note the muscovite random orientations; which 
are often perpendicular to the matrix. Embayment shows the reaction relation 
between the staurolite and the muscovite. This represents a precursor to the 
pseudomorphs in this study. Dark center is ilm + graphite + qtz inclusions. (field of 
view is 2.5mm). Photomicrograph courtesy of  B. Dutrow, sample d330, used with 
permission. 
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quartz, and 1-5 % ilmenite, which are very similar to the muscovite pseudomorph modes 
observed in this study.  In the Rangeley area, all mineral assemblages, compositional 
changes, changes in the modal amounts of the phases, and changes in dominant pseudomorph 
features within the sillimanite zone are accounted for by closed system reactions. In a closed 
system, energy can be transferred across the system boundaries, but not matter; while in an 
open system both energy and matter can be transferred across the system boundaries (Spear, 
1993). Therefore, the closed system reactions are dependent upon the initial bulk chemistry 
of the rock, chemical potential gradients, and reaction rates within a system on a thin section 
scale (Foster, 1977). These reactions closely follow the ‘phase rule’, in which the number of 
phases equals the number of components (P = C) because the defining system is closed. This 
means that developing biotite, muscovite, plagioclase, sillimanite, garnet, and ilmenite 
mineral compositions are restricted by the biotite, muscovite, plagioclase, staurolite, garnet, 
and ilmenite initially present in the rock (e.g., Guidotti, 2002).   
        Foster  (1981, 1993 and 1999) modeled the growth of the muscovite-rich type of 
pseudomorphs found in the Rangeley sillimanite zone and established that the reaction 
mechanism for muscovite pseudomorph development is the difference in chemical potential 
along mineral grain boundaries in a system closed to all components but sufficient H2O to 
wet the grain boundaries. The differences in chemical potential trigger cation exchange, and 
to restore chemical equilibrium, minerals communicate by the exchange of components 
through microscopic rock domains of the rock. The net effect is to change mineral 
chemistries and/or the rearrangement of mineral phases, without external components during 
the pseudomorphing process. His resultant mineral modes in muscovite after staurolite 
pseudomorphs starting in a matrix of 30% biotite, 25% muscovite, 33% quartz, 5% 
plagioclase, and 3% ilmenite are 71% muscovites, 16% biotite, 5% plagioclase, 6% ilmenite, 
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and 2% quartz. These modes are similar to those observed in muscovite pseudomorphs from 
the Farmington Quadrangle in this study.    
        The muscovite after staurolite pseudomorphs from this study were compared to the 
muscovite pseudomorphs after staurolite documented in Foster’s studies of the Rangeley 
area. Mineral texture modeling results of this study can be compared to the texture modeling 
results of Foster’s studies because of the similarities of grade and bulk compositions between 
the Rangeley and Farmington metapelites, and because the rocks in the two study areas 
approach a local equilibrium. Models of Farmington muscovite-rich  ( > 70% ms) endmember 
type of pseudomorphs demonstrate that these pseudomorphs could be produced in a closed 
system (like the muscovite pseudomorphs in the Rangeley area), with fluids present only at 
the grain boundaries allowing for cation exchange reactions to take place (refer to Fig. 51). 
The starting mineral modes in the matrix are 32% biotite, 31% quartz, 26% muscovite, 8% 
plagioclase, and 1% ilmenite, which are similar to those used by Foster (35% biotite, 26% 
quartz, 30% muscovite, 8% plagioclase, and 1% ilmenite). Therefore, the muscovite-rich 
type of pseudomorphs probably developed without the addition of components to the system, 
in a comparable manner to those muscovite pseudomorphs from Rangeley.  
Evidence for Fluid Infiltration 
        A system closed to infiltrating fluids does not explain the formation of the other three 
compositional types of muscovite pseudomorphs (plagioclase muscovite, sillimanite and 
plagioclase muscovite, and quartz muscovite) that differ from the muscovite-rich ( > 70% ms) 
pseudomorphs. The presence of abundant plagioclase and quartz inside the pseudomorphs 
can be explained with the addition of Na+, Al3+, K+, and Si4+ to the system. When the system 
is opened to these components, the mineral modes observed in the plagioclase muscovite, 
sillimanite plagioclase muscovite, and quartz muscovite pseudomorphs are produced. 
110
  
        The most likely explanation for the addition of these components is the infiltration of 
a fluid phase to bring in the constituents necessary for the development of these three types 
of pseudomorphs. The compositions of the fluids infiltrating the Farmington area are 
assumed to be H2O-rich fluid in, essentially, an H2O-CO2 binary. Dehydration reactions and 
reactions of graphite in the rocks act to limit the fO2 near the QFM buffer. Maximum H2O is  
XH2O ~ 90% H2O (Connolly, 1993).    
        The interpretation that infiltrating fluids carry Na, Al, and K into the system of during 
pseudomorph development is based on modeling the modes and textures of the plagioclase 
muscovite, sillimanite plagioclase muscovite, and quartz muscovite types of muscovite 
pseudomorphs. Plagioclase muscovite pseudomorphs contain up to 22% albitic plagioclase, 
which is greater than predicted by a closed system model. In a closed system model, the 
pseudomorph mineral modes produced within a matrix composition of 26 % biotite, 19% 
muscovite, 17% plagioclase, 25% quartz and 3% ilmenite produces a model that contains 
only 5% plagioclase. This matrix composition is the same as the matrix observed to contain 
the plagioclase muscovite pseudomorph type, yet a plagioclase-rich pseudomorph does not 
form in this closed system. Little plagioclase is produced because a closed system 
pseudomorphing reaction consumes staurolite and produces plagioclase in a ratio of 33:1 
(Foster, 1977). When Na and Al infiltration is allowed in the model, a plagioclase muscovite 
type of pseudomorph is created that contains 20% plagioclase. This suggests that a Na and Al 
influx into the system must occur, with fluids being the most likely carrier of these elements 
to the system.  
        Plagioclase and sillimanite-rich pseudomorphs, like the plagioclase muscovite 
pseudomorphs, contain more plagioclase than is predicted for a closed system model, but 
they also contain more sillimanite. In the plagioclase muscovite types of pseudomorphs, 
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sillimanite is inversely related to plagioclase because they and their associated matrix contain 
less than 10% sillimanite. However, the sillimanite plagioclase muscovite pseudomorphs also 
contain up to 20% sillimanite, and despite many attempts, these pseudomorphs could not be 
reproduced in a closed or a system open to a one-stage fluid infiltration carrying Na and Al. 
Based on other studies (e.g., Dutrow et. al, 1999) it is suggested that a plagioclase muscovite 
pseudomorph formed first by Na and Al fluid infiltration, then a second separate episode 
produced the abundant sillimanite via the infiltration of a distinct fluid composition. This 
two-stage mechanism of pseudomorph formation is analogous to the formation of the 
tourmaline-rich muscovite pseudomorphs located around the North Jay Pluton in the western 
portion of the Farmington Quadrangle (Dutrow et. al, 1999).   
        Quartz muscovite pseudomorphs are interpreted to form in an open system in which 
silica bearing fluids infiltrate and react with a staurolite that contains at least 40% 
poikiloblastic quartz. The pseudomorphing reaction for a muscovite-rich pseudomorph in a 
closed system consumes staurolite and quartz volumetrically at a 3:1 ratio (Foster, 1981). In 
this reaction, staurolite is consumed before all the quartz is consumed; leaving a few modal 
percent of quartz inside the pseudomorph (Foster, 1981). Also, when this reaction takes place 
in a closed system, if the quartz inclusions inside the staurolite are less than the 24% 
necessary to balance the pseudomorphing reaction, quartz is used from the surrounding 
matrix, leaving a biotite and plagioclase-rich mantle area (Foster, 1981). This mantle is not 
observed in the quartz muscovite pseudomorphs. Not all of the quartz muscovite 
pseudomorphs have well defined mantles, but if the mantle area is defined for the 
pseudomorph, it contains biotite, but <5% plagioclase. This means that the initial staurolite 
does contain at least 24% poikiloblastic quartz.  
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        The quartz muscovite pseudomorphs are observed to contain 12-25% quartz, which is 
more than a few modal percent. Indicating that either the initial staurolite has abundant 
quartz inclusions, or the system is open to fluids carrying additional silica into the system. 
Staurolites with abundant quartz inclusions are observed in staurolite zone metapelites close 
to the sillimanite isograd (Fig. 56). Additionally, when only the relative diffusion coefficient 
for silica is increased in the system, and not the poikilitic quartz, the pseudomorph contains 
more muscovite than observed in the quartz muscovite pseudomorphs (>70%). To match 
observations requires both an increase in poikilitic quartz and an increase of silica to the 
system.   
      Cathodoluminescence images taken of quartz around pseudomorph edges exhibit a 
diffuse zoning, seen as gradual changes in luminescence from the core to the rim of grains. 
This gradual change in luminescence is probably due to homogenization of the quartz at 
higher peak temperatures, causing diffusion of trace element amounts throughout the grains. 
Microprobe analyses of the quartz grains showed that both aluminum and titanium are 
present. Aluminum does increase slightly toward the grain edges, but titanium shows no 
pattern. The most likely cause for the zoning in the blue luminescent quartz is structural 
defects associated with aluminum substitution. The zoning present in the quartz could 
indicate a two-stage growth influenced by fluid infiltration and incorporation of aluminum 
due to reactions of metamorphic fluids that carried aluminum into the system. Complex 
zoning patterns of concentric red luminescence within sillimanite grains from the centers of 
the sillimanite plagioclase muscovite pseudomorphs indicate multiple growth stages, perhaps 
due to the incorporation of trace elements brought in by fluids.  
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CONCLUSIONS 
        All of the muscovite pseudomorphs formed after staurolite during a prograde event. 
The mineral textures and modes of four types of muscovite pseudomorphs were evaluated for 
their utility to record the metamorphic conditions during prograde metamorphism. The 
muscovite-rich types of pseudomorphs retain subtle evidence of the prograde path because 
they reflect the development of mineral textures within a closed system. In contrast, the 
development of the other pseudomorph types reflects the infiltration of fluids with varying 
compositions in open system environments. The plagioclase muscovite pseudomorphs are 
plagioclase-rich and sillimanite-poor, and their development required that fluids carrying 
sodium and aluminum infiltrate the system to create the abundant plagioclase. Sillimanite 
plagioclase pseudomorphs indicate multiple stages of fluid infiltration. First, a plagioclase-
rich pseudomorph developed when fluids brought sodium and aluminum into the system; 
then a second distinct stage of fluid influx created the abundant sillimanite. The quartz 
muscovite pseudomorph development required both an initial poikiloblastic staurolite 
containing 40% quartz, and an influx of silica rich fluids into the system. Additionally, SEM 
cathodoluminescence zoning of both the pseudomorph quartz and prismatic sillimanite retain 
evidence of fluid influxes with varying compositions.     
  Of the four muscovite pseudomorph types, three required fluid infiltration to produce 
the observed mineral modal amounts. And, because each type represents a different 
mechanism of formation, the muscovite pseudomorphs retain subtle evidence of the 
metamorphic conditions during pseudomorph development. These data provide additional 
insights into the prograde conditions within the Farmington area of Maine that have been 
previously unrecognized.         
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